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Abstract
Eusociality has evolved in only two insect orders: the Isoptera and
H ym enoptera.

While hym enopteran genetics has been th e subject of

intensive study, genetic inform ation on term ites is conspicuously lacking.
The purpose of this dissertation was to utilize starch gel electrophoresis in
genetic studies of term ites.
Chapter I consists of electrophoretic methods and a study of genetic
variability among four families of term ites. Although some representative
species/colonies dem onstrated low levels of v ariatio n , th e ran g es of
polymorphic loci and gene diversity were w ithin levels generally observed
for the class Insecta. Levels of genetic variation exhibited by term ites were
higher th an those values reported for the social Hymenoptera.
Because allozymes are often capable of detecting genetic differences
am ong closely re la te d species, electrophoretic tech n iq u es can be
successfully used in systematic studies of Isoptera. C hapter II examines
g en e tic

com parisons

am ong

Z o o te rm o p sis (Term opsidae) species.

Zootermopsis is a genus of dampwood term ites th a t is found exclusively in
w estern N orth America. Recent biochemical and behavioral studies have
indicated th a t this genus may be in need of revision. Comparisons of 16
populations of Zootermopsis supported the current taxonomic status of the
genus.

Allozymes, however, did not discrim inate am ong subspecies of

Zootermopsis nevadensis (Hagen).

x

C h ap ter III is a stu d y of genetic stru c tu re of th e Form osan
su b terran ean term ite, C ontoterm es form osanus S hiraki, an introduced
pest species. Colonies from three populations in the continental U nited
S tate s (Lake C harles, La.; New O rleans, La.; H allendale, Fla.) were
electrophoretically sampled and compared to the population on the island of
O ahu, Hi., w here £.. fo rm o sa n u s was introduced over 100 years ago.
Although there is no direct evidence linking Hawaii as th e p aren t of these
founder populations, genetic evidence cannot exclude th a t possibility.
C hapter III also addresses the taxonomic statu s of C ontoterm es in
the United States. The genus is recognized as a taxonomic problem and it
has been suggested th a t Contotermes may be represented by two species in
Louisiana. Despite behavioral differences in the Lake Charles population of
Q. form osanus. genetic comparisons of these populations did not indicate
the presence of more than one species of Contotermes.

Introduction

Eusociality is defined by three characteristics: cooperative brood care,
an overlap of a t le ast one generation, and division of reproductive labor
(Wilson 1971). Many different groups of insects exhibit types of presocial
behavior (Wilson 1971) generally consisting of various levels of interactions.
However, tru e sociality, eusociality, is restricted to two insect orders:
Isoptera and Hymenoptera.
This unusual a ttrib u te evolved independently in the two orders
because they are separated by 250 million years of evolution (Oster & Wilson
1978).

All of the approxim ately 2200 species of term ites are eusocial.

Therefore, eusociality m ust have exisited when term ites first evolved. In
contrast, eusociality is not universal w ithin the Hymenoptera but is limited
to the ants, vespoid wasps, and some bees. Thus, the origins of eusociality
are probably the result of a t least several independent evolutionary paths
(Wilson 1980).
Kin selection theory (Maynard Smith 1964) is based on the evolution of
characters which increase the fitness in relatives. Hamilton (1964a) used a
m athem atical model to describe fitness relationships among relatives and
applied th is model to th e social H ym enoptera (H am ilton 1964b).

Applications of kin selection, th e predom inant genetic theory for the
evolution of social behavior in insects, is prim arily based on the genetic
system of H ym enoptera (Reilly 1987).

W hile term ites and some

H ym enoptera share th e eusocial character, th eir genetic structures are
quite dissimilar. In addition to haplo-diploidy, the Hymenopterans show a
wide range of chromosome num bers and exhibit low levels of genetic
variation (Crozier 1979, G raur 1985). Termites are diploid with few known
haploid num bers and undeterm ined levels of genetic variability (Crozier
1979). One objective of this dissertation was to identify genetic variability
among different groups of term ites. C hapter I is concerned with the use of
starch gel electrophoresis for identification of reliable enzyme systems
which can be used in genetic studies of termites.
Allozyme d a ta can provide practical inform ation for use in
system atic studies and term ite identification.

The order Isoptera is

comprised of 7 families (Ampion & Quennedy 1981), five of which are found
in the United States. Traditionally, morphological characters of the soldier
and imago castes are used for term ite identification; however, these forms
are present in limited quantities in the colony and representatives of these
castes may be difficult to collect.

Larvae and workers or pseudergates

(undifferentiated larvae of a t least the third instar) are, by far, the most
abundant members of term ite colonies. U nfortunately, they possess few
morphological characters by which their species can be determined. Many
biosystematic studies in social insects focus on alternative characteristics
(Howse & Clement 1981). Because it is often possible to detect genetic

differences among closely related or cryptic species by allozymes (Avise
1975, Ayala 1975), electrophoresis has great potential as a valuable tool in
term ite research.

For exam ple, C lem ent (1981) used allozymes to

determ ine population p a tte rn s and differentiation of sem ispecies of
E uropean R eticu literm es (Rhinoterm itidae).

Luykx e t al. (1990) used

allozymes to examine the phylogeny of drywood term ites (Kalotermitidae).
O ther techniques to discrim inate among term ite species have been
explored. Chemical differences in term ite exocrine secretions have been
shown to offer much prom ise for system atic study (Prestw ich 1983).
Although the systematics of term ites in the United States has been well
studied (Collins 1988), chromosomal analysis recently identified an
undescribed species of N eoterm es (Kalotermitidae) from Florida (Collins
1988, Nickle & Collins 1989). Cuticular hydrocarbon analysis has provided
some evidence for a semispecies of Reticuliterm es flavipes (Kollar) and an
undescribed species of R eticuliterm es (Clement et al. 1986). C hapter II
considers th e use of allozymes in a system atic study of the genus
Zootermopsis (Termopsidae), a group of dampwood term ites th at are found
in western North America. Zootermopsis is comprised of one fossil species,
Z o o te rm o p s is c o lo ra d e n s is (Scudder), and th ree ex tan t species:
Zootermopsis nevadensis (Hagen), Zootermopsis angusticollis (Hagen, and

Zl- laticeps (Banks) (Emerson 1933). Cuticular hydrocarbon analysis has
been used to separate species of Z o o term o p sis and subspecies of Z.
nevadensis (Haverty et al. 1988). I compared the results of genetic studies of
these same species (and populations) w ith the analyses of recent

hydrocarbon (Haverty et al. 1988), morphological (Thome & Haverty 1989),
and behavioral (Haverty & Thome 1989) studies.
One of th e m ost destructive term ite species is the Form osan
s u b te rra n e a n te rm ite

(FST), C o n to te r m e s f o r m o s a n u s

S h ira k i,

(Rhinotermitidae). Despite its name, FST is indigenous to mainland China
(Kistner 1985) and has successfully been introduced to many regions of the
world (Chhotani 1985, Su & Tamashiro 1987). FST alates were collected in
the continental U nited S tates during a swarming period in Charleston,
S.C. in 1956 (Chambers et al. 1988). Introduction, however, m ust have
occurred many years prior to its discovery since incipient colonies are
incapable of producing new alates. In the mid 1960's, several infestations
were detected in port cities along the Gulf of Mexico (Spink 1967, Weesner
1965, 1970) and it was subsequently concluded th a t these introductions
occurred via m iliary tran sp o rt associated w ith World War II (Weesner
1970).
Although the n atu ral spread of term ites is lim ited because of their
poor vagility, they are easily transported to uninfested areas in infested
tim ber and soil.

Recent establishm ent in Auburn, Ala. (Sponsler et al.

1988) has been linked to domestic commercial trade. Louisiana initiated
quarantines to prohibit the transportation of potentially infested goods
because FST is a major th reat to the southeastern United States (Beal 1967).
FST is probably in the process of becoming established in many locations
outside known populations but is unlikely to be discovered until structural
damage is noted. C hapter III is concerned with population relationships

and genetic structure among four U.S. populations of FST. Comparisons of
genetic structure among populations can provide valuable inform ation in
studying organism s which undergo distribution changes by m igration,
introduction, and other forces which may perturb an organism 's range.
This is particularly critical in regard to economically im portant species.
Genetic techniques may be useful for identifying the source(s) of newly
discovered infestations an d th u s provide support for regulation and
enforcement of quarantines th a t seek to lim it the distribution of the insect.
Studies of evolution, systematics, and applied research indicates the
need for genetic research in the Isoptera. H abitat destruction has lead to
reduced abundance in some groups of term ites which makes them prim ary
targ ets for system atic study (Collins 1988).

O ther avenues of genetic

research in the Isoptera include revisions of the genera Reticuliterm es
(Collins 1988) and C optoterm es (Collins 1988, Watson et al. 1984). In
addition, valuable ecological and evolutionary inform ation would be
obtained by studying the hybrid zones where the distribution of R. flavipes
overlaps the distributions of £ . tib ilalis Banks and R. virginicus Banks
(Collins 1988).

This dissertatio n has set the groundwork for future

allozyme studies in various groups of termites.
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Chapter I.
Electrophoretic techniques and comparisons of genetic variability
among term ites (Isoptera)

10

11

Abstract
S tarch gel electrophoresis w as used to identify enzyme loci in
In c isite rm e s m in o r (Hagen), N eo te rm es jo.ut.eli (Banks), C o n to term e s
f o rm o s a n u s S hiraki, P r o r h in o te r m e s sim p le x (Banks), Am ite ,r m ^a
w heeleri Banks, and R eticuliterm es colonies from California, Louisiana,
Pennsylvania, and V irginia.

Twenty-one enzyme/buffer system s were

consistently reliable in resolving a t least one locus in most of the term ites
examined. Genetic variation was calculated as m ean num ber of alleles per
locus, percent polymorphic loci and average heterozygosity. These values
were compared to genetic variability in Zootermonsis spp. Levels of genetic
v ariatio n among these te rm ites were variable b u t w ithin th e ranges
observed for most insects. Pooled estim ates of variability were lower than
overall averages for insects, however, levels of term ite variability appear to
be higher th an values calculated for social Hymenoptera.

K ey w o rd s Isoptera, allozymes, electrophoresis, genetics

12
Introduction
Term ites possess num erous unique features which offer intriguing
challenges to isopterists.

One such characteristic is a high degree of

phenotypic sim ilarity am ong te rm ite species.

T his m orphological

conserv atio n cre a te s taxonom ic problem s an d m akes o n -the-spot
identifications difficult. Consequently, it has been necessary to utilize other
techniques in term ite system atics and identification. Unique qualitative
and q u an titativ e differences in hydrocarbon components among some
term ite species has im plicated hydrocarbon phenotyping as a potentially
useful tool in term ite identification (Howard & Blomquist 1982). Application
of this technique to Reticulitermes. a genus recognized by isopterists to be in
need of revision (Collins 1988), indicated the presence of undescribed taxa in
the genus (Clement et al. 1986). Another valuable technique, karyotyping,
has lead to the discovery of a new species of Neoterm es in North America
(Collins 1988, Nickle & Collins 1989). While karyotyping and hydrocarbon
phenotyping have been shown to be useful in term ite research, genetic
applications have not been studied.
Allozyme electrophoresis is a powerful tool frequently used to address
system atic and population genetics questions in many organisms. It can
readily be applied to genetic studies of term ites. Unfortunately, it has been
used in only a few cases. Clem ent (1981) used electrophoresis to study
population relationships and to sep arate superspecies of E uropean
Reticuliterm es. Reilly (1987) used electrophoretic data from a population of
R eticuliterm es flavipes (Kollar) to estim ate relatedness coefficients and
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determ ine levels of inbreeding among term ite colonies.

Chromosomal

analyses have shown th a t a n unusual sex chromosome system exists in
some lower term ites (Luykx 1989, Luykx & Syren 1981a, 1981b, 1979).
Genotypic data obtained from allozyme comparisons dem onstrated this sexlinkage a t an esterase locus in a drywood term ite species (Luykx 1981).
Additionally, allozymes have been used in conjunction w ith chromosome
and morphological studies to evaluate the phylogeny of some species of
drywood termites (Kalotermitidae) (Luykx et al. 1990)
Because of the lack of genetic d ata on term ites, electrophoretic
research should be encouraged and exploited. The purpose of this chapter
is to outline electrophoretic methods which can be used to identify gene loci
and allele v arian ts among different term ite species.

Enzyme systems

which produced reliable electrophoretic d ata were used to estim ate
variability levels for In c is ite rm e s m in o r (Hagen) (K aloterm itidae),
N eoterm es jouteli (Hagen) (Kaloterm itidae), Cop to te rm es form osanus
S h ira k i

(R h in o te rm itid a e ),

P r o r h i n o t e r m e s simplex

(H agen)

(Rhinotermitidae), Amitermes wheeleri Banks, (Termitidae) and putatively
different

R e tic u lite rm e s (R hinoterm itidae) species from California,

Louisiana, Pennsylvania, and Virginia.

These values are compared to

estimates of variability calculated for Zootermonsis species.

M aterials an d Methods
S tandard procedures for starch gel electrophoresis were modified
from Selander et al. (1971), H arris & Hopkinson (1976), Pashley (1980, 1983)
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and Richardson et al. (1986). Each sample of an individual term ite was
ground in 40 to 100 til of grinding buffer (0.1 M tris, 0.001 M EDTA, 10 mg
NADP/ 200 ml water; pH 8.0) depending on their size, and stored a t -70° C.
W hen th e hom ogenate w as extrem ely p artic u late, th e sam ple was
centrifuged under refrigeration for 15 min. The supernatant was removed
and stored.
Twelve percent starch gels were prepared with 59 g hydrolyzed potato
starch and 480 ml of gel buffer. Size, charge, and shape of the proteins
affect their migration. Since migration and resolution of enzymes are also
affected by the composition and pH of the surrounding gel m atrix, four
gel/electrode buffer systems (lithium hydroxide, tris-citrate-A, tris-citrateB, tris-citrate-I; Table 1) were used during an initial enzyme survey. The
survey determ ined which enzyme and buffer system s would be most
informative in term ite analyses. The initial survey used C. form osanus
and 34 enzyme systems to determ ine presence, absence, and resolution
under gel/electrode buffer conditions.

Additional enzyme systems were

examined after the survey was completed. Likewise, additional enzyme
systems were attem pted in studies of Zootermopsis species after an initial
screening of 27 enzyme systems.
The gel buffer m ixture was heated over a flame u n til it was
tran slu cen t and boiling.

An altern ativ e m ethod was to microwave

approximately 330 ml of buffer solution for three to four m inutes. The
remaining 150 ml of buffer was added to the starch and was agitated. The

15
heated buffer was added to the starch/buffer m ixture and again agitated.
The entire mixture was heated in the microwave for 2.5 to 3.5 min. At least
once during the second microwave period, the flask was removed and the
m ixture vigorously shaken.

After th e gel solution was cooked, it was

degassed for approximately 45 sec. A starch gel tray (well volume= 19.1 cm
X 14 cm X 11 mm) was filled past capacity (but not to the point a t which
surface tension was broken resulting in overflow) w ith gel buffer and
allowed to cool. Gels were refrigerated for a t least 1 h prior to loading
sam ples.
F ilter paper wicks (approx. 4 mm X 10 mm) were satu rated with
thawed homogenate (on ice) and inserted 40.5 cm into a slice cut in the gel
a t the cathodal end. Gels were packed with ice and the current adjusted to
50 milliamperes. The lithium hydroxide system ran for a t least 5.25 h (up
to 50 milliamperes and 250 volts). The other systems were allowed to run
for 4 h.
At the end of each run, gels were removed from the gel rig, trimmed,
and sliced w ith a ta u t 008 guitar string.

Each slice was placed in an

individual box containing stain in g solution (Table 2).

A fter the

electromorphs became visible, the stain was aspirated from the box and a
stain fixative (1 p t acetic acid: 4 pts methanol: 4 pts water) was added.
Allozymes were scored by the distances each electromorph traveled from
the origin (Figure 1). Mobilities of bands dem onstrated in Q_. form osanus
were used as a reference for comparisons with other species. This provided
a standard by which to determine mobilities for all species from gel to gel.
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Sim ilar mobilities among individuals of the same species were pooled into
the same allele class. When relative mobilities of electromorphs of different
species could not be differentiated even after comparisons w ith other gel
runs, sim ilar mobilities were again pooled into the same allele class. This
m ay p resen t a conservative arran g em en t of allele distrib u tio n among
species, however, it did not effect observations within species.
Generally, those system s which showed activity for £.. form osanus
were present among other species and im provem ents from additional
gel/electrode buffer modifications were negligible. Therefore, results from
the initial enzyme screening were applicable to all specimens examined
throughout this study and additional surveys using all buffer systems were
unnecessary.

A sum m ary of the electrophoretic enzyme system/buffer

combinations used to resolve genetic loci in termites is shown in Table 3.
Because this research was intended as a general survey of variation
among different groups of term ites, sam pling constraints lim ited the
num ber of colonies and individuals which could be used.

At least 5

individuals per colony were electrophoresed. I. m in o r (Az.), N. iouteli
(Fla.), P. simplex (Fla.), and A. wheeleri (Calif.) were each represented by
one colony. Specimens of R eticuliterm es species were collected from 19
colonies (Calif., La., Pa., and Va.). Collection information on locations of
colony samples is listed in the Appendix. Specimens not electrophoresed
were preserved in 80% ethyl alcohol and labeled as voucher specimens.
Reticuliterm es collections from California, Louisiana, Pennsylvania,
and V irginia did not alw ays include alates which are necessary for
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identification. Soldier morphology can provide identification a t least to the
genus level. When soldiers were available, specimens were identified as
R eticuliterm es species. Alates from one colony taken from New Orleans,
La., were identified as R e tic u lite rm es flavipes Kollar. However, in the
absence of either of these castes, th e genus could be indirectly determined
on the basis of location. In Pennsylvania and Virginia, R eticuliterm es is
th e only genus present.

!£.. flav ip es is common to the eastern states

(W eesner 1965) and is the only known term ite species in Pennsylvania.
Reticuliterm es virginicus Banks and Reticuliterm es hageni Banks (Snyder
1934) occur with R.. flavipes in Virginia. These three species are joined by
Reticuliterm es tibialis Banks in Louisiana (Weesner 1965, Pickens 1934b).
Reticuliterm es hesperus Banks is the common subterranean term ite on the
Pacific Coast b u t its range overlaps th a t of R. tib ia lis in portions of
California (Weesner 1965, Pickens 1934a, 1934b).
Genetic d a ta were used to calculate Rogers' modified distance
(Wright 1978) coefficients. A phenogram [unweighted pair group method of
arithm atic averaging (UPGMA; S neath & Sokal 1973)] was constructed
from the distance measures to evaluate the systematic relationships among
these collections.
R esults
Activity was determ ined by the visible presence of an electromorph
when the gel was stained. Although the presence of an enzyme could be
determ ined by activity, reliable scoring of a gel was dependent on the
resolution of the banding p atterns. Twenty of 34 enzyme systems in the
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initial £.. form osanus survey showed activity.

Presence of activity was

fairly uniform among all term ites. When activity was observed within one
species, it was usually present in several others (Table 4). Eighteen loci
[a sp a rta te am in o tran sferase (AAT), acid p h o sp h a tase -1 (ACPH-1),
esterases 3, 4, 5, 6, and 7 (EST-3, 4, 5, 6, 7), fum erase (FUM), glucose
phosphate isom erase-slow an d fa st (GPI-S, F), glucose-6-phosphate
d ehydrogenase

(G6PD),

iso c itra te

d eh ydrogenase

(IDH),

m a la te

dehydrogenase-fast (MDH), m annose p h o sp h ate isom erase (MPI),
p e p tid a s e

(P E P ),

6 -p h o sp h o g lu co se

d e h y d ro g e n a s e

(6PG D ),

phosphoglucom utase (PGM), and superoxide dim utase (SOD)] were
resolved from those 20 systems. Four additional loci [ACPH-2, adenosine
d eam in ase

(ADA),

g u an in e

d eam in ase

(GDA),

h y d ro x y b u ta ra te

dehydrogenase (HBDH)] were resolved in C. form osanus after the survey
was completed. Although only 7 loci were resolved for A. wheeleri. at least
11 loci could be scored among the rem ainder of groups.
Although th ere were only 18 active enzyme system s among all
term ite species examined, 26 loci could be identified among the four termite
families because several enzyme systems contained m ultiple loci. Allele
frequencies a t the 26 scorable loci are listed in Table 5. Five esterase loci are
listed for £.. fo rm o san u s and three are shown for 1. m in o r. Because
numerous bands were present in this enzyme system it was impossible to
establish allele homologies for distantly related species. Therefore, loci in
L m in o r and H . iouteli were scored irrespective of esterase loci in C..
fo rm o sa n u s.

E sterase bands were present among other species, but,
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resolution was poor and banding patterns could not be interpreted.
Two or three zones of activity, depending on the species being
examined, were common to MDH. Only the fast MDH locus was scored.
The interm ediate zone of MDH in Q.. form osanus may have been variable
but the bands were faded and blurry. A double banding pattern was often
present a t MDH-slow b u t it could not be established w hether these bands
represented a single locus or two loci w ith close mobilities.
Several loci displaying different levels of resolution were observed in
the PEP system. The peptide valyl-leucine was the principle substrate used
in this system and u su ally showed one well resolved locus.

In (3.

formosanus , other PEP loci could be better resolved using different peptide
substrates.

Subsequently, four loci w ith different substrate specificities

were identified for £!. formosanus. The PEP-4 locus had the fastest mobility
and was identified using a proline-phenylalanine substrate.

PEP-3 was

identified w ith a leucine-glycine-glycine peptide. Valyl-leucine produced
PEP-2 b u t also had overlapping substrate specificity with PEP-1, the slow
locus. PEP-1 was better resolved using lysine-leucine as the substrate. PEP2, -3, and -4 were monomorphic.

PEP-1 appeared to be variable but

resolution was very poor and the locus could not be scored.

Only

information from PEP-2 (the faster, better resolved, locus in this system)
was included in Table 5. The other PEP loci were not attem pted among all
term ite species examined.
The degree of polymorphism a t different enzyme loci (within and
among organisms) is quite variable (Wagner & Selander 1984). Among loci
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scored for a t le a st three species (or genera) in term ites, only xanthine
dehydrogenase (XDH) showed no interspecific variation.

GDA was also

highly conserved. Most groups of term ites shared the fast allele (b) at this
locus. The GDA a allele was unique to M- iouteli. Diagnostic alleles for all
genera except Amitermes could be identified in 6PGD.
Collection locations for R e tic u lite rm e s imply th a t a t least three
species of th is genus m ust have been sampled. The three species most
likely to have been collected were R. flavines. R. virginicus. and R. hesperus
although g.. h ag en i is also present in some of these areas. Several loci
appear to be quite conserved w ithin R e tic u lite r m e s .

Six loci were

monomorphic for all Reticuliterm es sampled (FUM, GDA, HBDH, 6PGD,
PEP-F, SOD). Frequency differences among the four collection areas were
observed a t three loci (AAT-F, IDH-F, MDH-F).

There were diagnostic

differences a t three loci (ADA, GPI-S, IDH-F) th a t distinguish the Virginia
colonies from all others.

A diagnostic difference a t IDH separates

California from other Reticuliterm es collections. Louisiana Reticulitermes
were fixed for th e e allele a t ADA.

This allele was shared with

Pennsylvania Reticuliterm es. but a t a low frequency. Although speciation
can occur without significant allozyme differences (Templeton 1981), fixed
differences at enzyme loci are indicative of separate species. Differences in
allele frequencies separated these two groups, but no fixed differences were
determined.

Virginia R eticuliterm es had the most distinctive allozyme

profile. Its differences separate it from the Louisiana group where at least
one colony was known to be fi. flavines, and Pennsylvania where R. flavipes
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is the only term ite present.
Calculation of distances (Table 7) and construction of a phenogram
(Figure 2) clearly separates the Kaloterm itidae from the Rhinoterm itidae.
Relationships w ithin fam ilies are difficult to discern because of th e few
species examined. It is evident, however, th a t R eticuliterm es collections
are rep resen ted by a discrete b ran ch w ith in th e R hinoterm itidae.
Collections of Reticuliterm es from Pennsylvania and Louisiana, tentatively
identified as the same species, are most closely related on the phenogram.
Although these d ata support the original hypothesis th a t three species of
R eticu literm es were collected, the correct identification of th e Virginia
collection cannot be determ ined by allozymes alone.
Allozyme inform ation from A_. w h eeleri was excluded from the
phenogram because of the few loci shared in common w ith the other
species. When distances among species were calculated based on the four
loci A. w h e e le ri shares w ith th e other term ites, inform ation which
previously separated the Rhinotermitidae was lost, and the integrity of the
phenogram was compromised.

Specifically, R eticu literm es- Calif, was

excluded from th e other R e tic u lite rm e s and was clustered w ith C_.
form osanus.
M easures of genetic v ariation were calculated for all groups of
term ites and compared to values determ ined for Zootermopsis species
(Table 6). Genetic variability appeared to be lower for Isoptera compared to
values reported for other diploid insects (Nevo 1978, G raur 1985). W ithin
R e tic u lite r m e s . percent polym orphism was slightly less th a n th a t
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determ ined for E uropean R e tic u lite rm e s (52%; Clem ent 1981).

Mean

expected heterozygosity w as h ig h e st in T erm opsidae, followed by
K aloterm itidae. W ith the exception of M- iouteli. expected heterozygosity
w as greater th a n observed heterozygosity. No variability was observed
among the 7 loci resolved for

w heeleri.

M easures of variability are more sensitive to the num ber of loci
sam pled th a n to the num ber of individuals which were electrophoresed
(Nei & Roychoudhury 1974, Gorm an & Renzi 1979).

W hen the four

additional loci observed in some colonies of £.. form osanus were added to
the calculations, m ean expected heterozygosity dropped to 0.054. W ithin
species th a t exhibited variability, expected heterozygosities were greater
th a n observed heterozygosities in all species except N . io u te li. Small
sample sizes (number of loci) may have produced levels of variation which
are less reliable th an values determined using a large number of loci (>20).

D iscussion
Levels of genetic variation w ithin species are influenced by several
factors. These include m utation rate, recombination, selection, drift, and
m ating structure. The discovery of high levels of genetic variability among
organism s has raised m any questions regarding the n atu re of evolution
and n atu ral selection. The neu tral theory (Kimura 1968) proposes th a t
m ost m utations are selectively neu tral with respect to each other and
variation is m aintained by stochastic forces. The selection theory supports
the idea th a t most variants have different levels of fitness, and variation is
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balanced by environm ental selection.

W hile th e re is considerable

theoretical support for the neutrality theory (Nei & G raur 1984, Kimura
1983), there is also a vast body of evidence th a t indicates selection events
contribute to the m aintenance of genetic variation. Adaptive properties of
enzyme system s have been particularly well documented in D rosophila
melanogaster Meigen (van Delden 1982, Koehn et al. 1983).
Regardless of the mechanism th a t sustains genetic variation, insects
and other invertebrates generally have high levels of genetic variability
when compared to other organisms (Selander 1976, Nevo 1978). Among
insects there is a wide range of variability among and w ithin groups (Nevo
1978, G raur 1985), and term ites exhibit this same trend.
general, term ites have lower variability.

However, in

P ercent polymorphism (the

proportion of loci th a t exhibit more th a n one allele) in insects is
approxim ately 40 percent (Nevo 1978), w hereas am ong the term ites
represented in this survey it averages 19 percent. In addition, expected
heterozygosity, which represents the best estim ate of genetic variability
when comparing these m easures among different taxa (G raur 1985), is
0.107 among insects and 0.073 among term ites in this study. Low levels of
genetic variation have also been found in the Hymenoptera.

Expected

heterozygosity in Hymenoptera averages 0.036 (Graur 1985) and has often
been associated with hymenopteran haplo-diploidy.

However, high levels

of variability have been reported in Tenthredinidae (Sheppard & Heydon
1986) and Ichneumoindae (Hung et al. 1988) which seems to indicate th a t
factors other th an haplo-diploidy may effect variability levels in this group.
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These reduced levels of gene diversity in Hymenoptera have been explained
by various hypotheses including eusociality (B erkelham er 1983, G raur
1985). Environmental homeostasis associated with colonial life of eusocial
species is one suggestion (Pamilo et al. 1975, 1978). This hypothesis implies
th a t reduced variability occurs because there is little selection pressure to
m aintain alleles of varying fitnesses when the environment is stable.
Inbreeding is often linked to eusociality and could contribute to
reductions in variability.

The concept of inbreeding and its genetic

implications have contributed much to current hypotheses regarding the
evolution of eusociality in term ites (Bartz 1979, Tyson 1984; but see Lin &
Michner 1972, Myles & N utting 1988 for alternative hypotheses). While
inbreeding does not reduce overall genetic variability in populations, it does
reduce levels of heterozygosity w ithin individuals. At the extreme level,
reproduction by selling resu lts in th e absence of any heterozygosity.
Expected heterozygosity is determ ined based on genotype frequencies of
populations in Hardy-Weinberg equilibrium. Observed heterozygosity is a
direct count from population genotype data. D epartures in expected and
observed heterozygosities may be, in part, a result of inbreeding. Termites,
by their social nature, are conspicuously prone to inbreeding, some more so
th an others (Myles & N utting 1988). Upon the death of a parent, or other
orph an in g -ty p e

conditions, m ost te rm ite

colonies can

facilita te

reproduction with the development of neotenic reproductives. The drywood
term ites (Kalotermitidae) are among those listed as the least likely to
inbreed (Myles & N utting 1988). Subsequent investigation of heterozygosity

25
levels should show little difference betw een observed and expected
heterozygosities.
Other trends noted by Myles & N utting (1988) which are pertinent to
the groups examined in th is chapter suggest th a t inbreeding should be low
in Zootermonsis species (Termopsidae) while opportunistic production of
neotenics among many rhinoterm itid and term itid species would result in
high levels of inbreeding. The information presented in this survey shows
differences between observed and expected heterozygosities did occur within
all groups.

W hile m inim al differences were observed in I. m in o r,

supporting the suggestions of Myles & N utting (1988), more d ata are
required to adequately test these hypotheses.
Genetic variability in term ites exists a t levels higher than th a t of the
H ym enoptera b u t lower th a n average levels observed for other diploid
insects. However, this tren d should be accepted w ith caution for several
reasons. First, this survey represents a small cross-sectional examination
w ithin Isoptera.

Increasing sam pling size (num ber of individuals,

num ber of colonies, num ber of species, and/or num ber of loci) could have
an effect on the results. Second, within species, cross breeding studies are
usually employed to verify th a t observed variation is of genetic nature.
Because of their social nature, breeding studies of term ites may be difficult,
if not impractical.
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Table 1. Recipes for starch gel/electrode buffers used to resolve
enzyme systems in Isoptera.
Lithium hydroxide (LLOH)
S tock solutions:
Stock A: 0.19 M borate
0.03 M LiOH

Gel Buffer
80 m l stock A
750 ml stock B
3160 m l H20
pH 8.3

Stock B: 0.01 M citrate
0.06 M trism a base
pH 8.4
E lectrode B uffer
1 part stock A: 4 parts H20
pH 8.1

Tris-citrate-A (TCA)
Gel B uffer
0.01 M trism a base
0.05 M citrate
pH 7.0

E lectrode B uffer
0.14 M trism a b ase
0.05 M citrate
pH 7.0

Tris-citrate-B (TCB)
G el Buffer
0.04 M trism a base
0.04 M citrate
pH 8.6

Electrode B uffer
0.34 M trism a base
0.09 M citrate
pH 8.0

Tris-citrate-I (TCI)
Gel Buffer
0.008 M trism a base
0.003 M citrate
pH 6.7

Electrode B uffer
0.25 M trism a b ase
0.09 M citrate
pH 6.3
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Table 2. Recipes for enzyme systems used to survey allozymic variation in
term ites.

Add Phosphatase (ACPH)
stain buffer:
A: 0.2M Tris Maleate, pH 3.8
B: 0.2M NaOH, pH 12.4
add B until pH of buffer = 5.0
h 2o
a-Napthyl add PO4
*MgCl2
NaCL
Polyvinylprolidone
Fast Blue^B
Adenosine Deaminase (ADA)
stain buffer:
0.05M *K2H P04) pH 7.5
adenosine
nudeoside phosphorylase
xanthine oxidase
MTT
PMS

Alcohol Dehvdrogenase (ADH)
stain buffer:
0.2M Tris-HCl, pH 8.0
2-propanol (or 95% EtOH)
NAD
MTT
PMS

Aldolase (ALD)
stain buffer:
0.2M Tris-HCl, pH 8.0
N a4-fructose-l,6-di -PO4
glyceraldehyde-3-P0 4
dehydrogenase
NAD
N a3As0 4

ut=units

25
15
80
50
50
150
20

15
15
15
0.4
5
2

40
5
10
5
1

ml
ml
mg
mg
mg
mg
mg

ml
mg
uta
ut
mg
mg

ml
ml
mg
mg
mg

40 ml
250 mg
50 ut
25 mg
75 mg

Aconitate Hvdrase (ACON)
stain buffer:
0.2M Tris-HCl, pH 8.0
0.086M aconitic add, pH 8.0
0.5MMgCl2
*IDH
NADP
*MTT
*PMS

30
5
3
1
5
5
5

ml
ml
ml
mg
mg
mg
mg

Adenvlate Kinase (AK) &
Pvruvate Kinase (PK)
stain buffer:
0.2M Tris-HCl, pH 8.0
d-glucose
phosphoenol pyruvate
MgCl2
*ADP
hexokinase
*G6PD
NADP
MTT
PMS

15
90
20
100
20
160
50
10
5
1

ml
ml
mg
mg
mg
ut
ut
mg
mg
mg

40
1
5
1

ml
ml
mg
mg

Alkaline Phosphatase (APH)
stain buffer:
TCB gel buffer, pH 8.6
40
a-napthyl add PO4
40
MgCl2
5
NaQ
500
Polyvinylpyrolidone
250
Fast BlueRR
40

ml
mg
mg
mg
mg
mg

Aldehvde Oxidase (AO)
stain buffer:
0.2M Tris-HCl, pH 8.0
benzaldehyde
MTT
PMS
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AspaiteteAminotransferflse (AAT)
stain buffer:
0.2M Tris-HCl, pH 8.0
40
stock soln.: 10 gm aspartate +
5 gm a-ketoglutyrate in 100 ml
H20 + @ 25 ml 5N NaOH
to pH 7.0
2.5
pyridoxal-5-P0 4
5
Fast BluesB
75

Estarase (EST)
stain buffer:
0.2M monbasic N a2P 0 4 adj.
to pH 6.5 with 0.2M dibasic
N a2P 0 4
a-napthyl acetate
P-napthyl acetate
1-propanol
fast garnet

ml

ml
mg
mg

40 ml
7.5
7.5
1
20

Glucose-6-DhosDhate Dehvdroerenase
stain buffer:
40
0.2M Trsi-HCl, pH 8.0
150
ghioose-6-P04
50
MgCl2
10
NADP
MTT
5
PMS
2

mg
mg
ml
mg

(G6PD)
ml
mg
mg
mg
mg
mg

Glutamate Dehvdroeenase (GmDH)
stain buffer:
10 ml
0.5M K P04, pH 7.0
30 ml
h 2o
15 ml
1.0M d,l-glutamic add
30 mg
NAD
MTT
5 mg
PMS
5 mg

Catalase (CAT)
stain buffer:
40
0.1 M K P 04, pH 7.0
2.5
3 % H20 2
3.5
0.6 M N a2S2O3.5 H2O
incubate gel in soln. 5 min, wash
gel with H 20
50
add: 0.09 MKI

Fumerase (FUM)
stain buffer:
0.2M Tris-HCl, pH 8.0
1M fumaric acid
*MDH
NAD
MTT
PMS

ml
ml
ml

ml

40 ml
5 ml
100 ut
10
5
1

mg
mg
mg

Glucose Phosphate Isomerase (GPI)
stain buffer:
0.2M Tris-HCl, pH 8.0
40 ml
12 mg
fructose-6-P04
50 m g
MgCl2
25 ut
G6PD
5 mg
NADP
5 mg
MTT
0.5 mg
PMS

Areinine Kinase (ARK)
stain buffer:
0.1M Tris-HCl, pH 7.5
phospho-l-arginine
ADP
glucose
MgCl2
hexokinase
G6PD
NADP
MTT
PMS

15
15
30
40
50
40
20
1
2
0.5

ml
mg
mg
mg
mg
ut
ut
mg
mg
mg
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Glvceraldehvde-3-phosphate Dehydrogenase
(G3PD)
substrate solution:
0.2M Tris-HCl, pH 8.0
10 ml
fructose-1,6-di -P 0 4
270 mg
aldolase
50 ut
let stand 30 min at 37° C
stain buffer:
0.2M Tris-HCl, pH 8.0
40 ml
N a3A s0 4
75 mg
NAD
10 mg
MTT
10 mg
PMS
2 mg

q-Glvcerophosphate Dehydrogenase
(aGPD)
stain buffer:
0.2M Tris-HCl, pH 8.0
40 ml
a-glycerophosphate
100 mg
NAD
12 mg
MTT
5 mg
PMS
1 mg

Guanine Deaminase (GDA)
stain buffer:
0.2M Tris-HCl, pH 7.6
guanine stock:
50 mg guanine in 10 ml warm
O.INNaOH
bring to 50 ml with H 2O
xanthine oxidase
MTT
PMS

Hexokinase (HEX)
stain buffer:
0.2M Tris-HCl, pH 8.0
glucose
MgCl2
G6PD
ATP
NADP
PMS

40 ml

3
0.4
5
2

ml
ut
mg
mg

Hvdroxvbutarate Dehydrogenase (HBDH)
stain buffer:
0.2M Tris-HCl, pH 8.0
40 ml
hydroxybutarate
500 mg
NaCl
150 mg
NAD
12 mg
MTT
10 mg
PMS
0.5 mg

40 ml
45 mg
10 mg
25 ut
12 mg
5 mg
0.5 mg

Isocitrate Dehydrogenase (IDH)
stain buffer:
0.2M Tris-HCl, pH 8.0
40 ml
isocitrate
100 mg
MgCl2
100 mg
NADP
10 mg
MTT
5 mg
PMS
0.5 mg
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Lactate Dehydrogenase (LDH)
stain buffer:
0.1M Tris-HCl, pH 8.5
1M lactate, pH 7.0
NAD
MTT
PMS

Malate Dehydrogenase (MDH)
stain buffer:
0.2M Tris-HCl, pH 8.0
1M malate adjusted to ph 7.0 with
5N Na2C03
NAD
MTT
PMS

40 ml
5 ml
15 ml
5 mg
1 mg

40 ml
5
15
5
2

ml
mg
mg
mg

Leucine Amino Peptidase (LAP)
stain buffer:
A: 0.2M TrisMalate, pH 3.8
25
B: 0.2M NaOH, pH 12.4
add B until pH of buffer is 5.0
HzO
up to 40
L-leucyl-P-napthyl amide HC1
20
black K
20
incubate 15 min, then add black K
Malic Enzvme (ME)
stain buffer:
0.1M Tris-HCl, pH 8.5
1M malate adjusted to pH 7.0 with
5N Na2C 03
NADP
MTT
PMS

ml

ml
mg
mg

40

ml

1 ml
10 mg
5 mg
1 mg

Mannose Phosphate Isomerase (MPI)
stain buffer:
0.2M Tris-HCl, pH 8.0
15 ml
Mannose-6-P04
40 mg
GPI
50 ut
G6PD
25 ut
NADP
5 mg
MTT
5 mg
PMS
5 mg

NADH Diaphorase (DIA)
stain buffer:
0.1M Tris-HCl, pH 8.5
NADH
2,6-dichlorophenol indophenol
MTT

40
10
1
10

Nucleoside Phosohorvlase (NP)
stain buffer:
0.1M P 0 4, pH 6.5
inosine
xanthine oxidase
MTT
PMS

Peptidase (PEP)
stain buffer:
0.2M Tris-HCl, pH 8.0
dipeptide (valyl-leucyl)
snake venom
peroxidase
*MnCl2
o-dianisodine

15 ml
10 mg
10 mg
150 ut
5 drops
10 mg

40
15
0.5
1
0.5

ml
mg
ut
mg
mg

ml
mg
mg
mg
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Phosohoglucomutase (PGM)
stain buffer:
0.2M Tris-HCl, pH 8.0
glucose-l-P04
MgCl2
G6PD
NADP
MTT
PMS

Octanol Dehydrogenase (ODH)
stain buffer:
0.2M Tris-HCl, pH 8.0
octanol
NAD
NBT
PMS

Triosephosphate Isomerase (TPD
stain buffer:
0.2M Tris-HCl, pH 8.0
a-glycerophosphate
pyruvate
a-G PD H
LDH
NAD

15
85
100
25
5
5
0.5

ml
mg
mg
ut
mg
mg
mg

50 ml
2.5 ml
12 mg
10 mg
0.5 mg

50
0.63
0.55
1.6
55
30

ml
g
g
ut
ut
mg

6-Phosphoglucose Dehydrogenase (6PGD)
stain buffer:
0.2M Tris-HCl, pH 8.0
40 ml
6-phosphogluconate
10 mg
MgCl2
100 mg
NADP
5 mg
MTT
5 mg
PMS
0.5 mg

Superoxide Dimutase (SOD)
stain buffer:
0.2M Tris-HCl, pH 8.5
MTT
PMS

Xanthine Dehydrogenase (XDH)
stain buffer:
0.2M Tris-HCl, pH 8.0
0.1M KOH
hypoxanthine
Heat gently for 30 min
NAD
MTT
PMS

* ADP= adenosine-5-di PO4
G6PD= glucose-6-P04 dehydrogenase
IDH= isocitrate dehydrogenase
K2H P04= dibasic K2H P04 • 3 H 20
LDH= lactate dehydrogenase
MDH= malate dehydrogenase
MgCl2=MgCl2 * 10H 2O
MnCl2= MnCl2 • 4 H 20
MTT= 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PMS= phenazine methosulfate (= N-methyldibenzo-pyrazine methyl sulfate)

40 ml
10 mg
10 mg

40 ml
5 ml
200 mg
10 mg
5 mg
1 mg
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Table 3. Summary of enzyme/buffer combinations used to
resolve enzyme loci in termites.
Gel/Electrode Buffer

Enzyme Systems

lithium hydroxide

aspartate aminotransferase*,
esterase, guanine deaminase,
peptidase*

tris-citrate A

adenosine deaminase, alkaline
phosphatase, arginine kinase,
glucosephosphate isomerase*,
isocitrate dehydrogenase,
6-phosphoglucose dehydrogenase

tris-citrate B

acid phosphatase, aldehyde
oxidase, NADH diaphorase,
fumarase, glucose-6-phosphate
dehydrogenase, hydroxybutarate
dehydrogenase, malate
dehydrogenase*, malic enzyme,
mannose phosphate isomerase*,
phosphoglucomutase,
superoxide dimutase, xanthine
dehydrogenase

* indicates system s which could also be resolved using the tris-citrate-I buffer
system , however, the additional buffer system w as elim inated for economy.
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Table 4. Presence (+) or absence (-) of enzyme activity in enzyme system s
examined in termites. Blank spaces indicate that the system was not attempted.
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Table 5. Allele frequencies among common enzyme loci in termites.
<i>

Rhinoterm itidae

Kalotermitidae

loci * allele **

AAT-f a
b
c
d
e
f

0.44
0.56

1.0

1.0

1.0

ADA

1.0

1.0

1.0
0.43
0.57

1.0

1.0
1.0'1.0

1.0

1.0
1.0

1.0

ESTl

a
b
c

0.42
0.35
0.23

EST2

a
b

0.69
0.31

a
b
c
d

0.70
0.30

0.16
0.84

a
b
c

EST3

0.57
0.44

1.0

ACPH-2a
b
c
d

AO

0.96
0.04

1.0

ACPH-la

a
b
c
d
e

0.27
0.55
0.18

1.0

0.83
0.17

1.0
1.0

0.31
0.69

0.50
0.50

0.39
0.38
0.08
0.15

Table 5. cont.
Rhinotermitidae

Kalotermitidae

loci * allele **

EST4

a

1.0

EST5

a
b

o o
00 CJ
©o

EST6

a

1.0

EST7

a

1.0

FUM

a
b
c
d

GDA

GPI-S

a
b

a
b
c
d

1.0

1.0
1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.17
0.83

1.0

1.0

1.0

1.0
1.0

1.0

1.0

0.08
0.92
1.0

1.0

1.0

1.0

GPI-F

a

1.0

G6PD

a
b
c

1.0

HBDH a
b
c
d

1.0

IDH-F a
b
c
d
e
f

1.0

1.0

1.0
1.0
1.0

1.0
1.0
1.0

1.0

1.0

0.60
0.40
1.0

1.0

1.0

1.0
1.0

1.0
1.0

1.0
1.0

1.0
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Rhinoterm itidae

Kalotermitidae

I------------ “ 1
loci * allele **

s»

0.47
0.53

MDH-F a
b
c
d
e

1.0

MPI

1.0

a
b
c
d

1.0

1.0

1.0

-

1.0

6PGD

1.0

1.0
1.0

1.0

1.0

1.0

1.0

1.0
1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0
1.0
1.0

PGM-F a

XDH

1.0

1.0

0.30
0.70

SOD

1.0

1.0
1.0

PEP-F a
b
c
d
e

a
b
c
d
e

1.0
0.93
0.07

a
b
c

1.0

a

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

* Frequencies were recorded only for loci which could be reliably scored. Missing frequencies
do not mean the locus was absent.
** Allele mobilities were calculated relative to <2 formosanus fwhen present) except for
esterase loci.

T able 6. M ea su res o f g e n e tic v a ria b ility a m o n g Isop tera.
Species

Family

Termopsidae *

Zs?otermop.9ia neyadensis
Z- finsustisQllia
Z- lafep a

#
# loci
colonies

52
13
9

17
17
16

mean #
alleles/locus

% polymorphic
loci

120.6 ±8.5

1.9 ±0.3

29.4

35.2 ±2.3
20.2 ±2.1

1.9 ±0.3
1.1 ±0.1

52.9
12.5

mean sample
size

mean

Kalotermitidae

Incisitermes minor
Neotermes iouteli

Rhinotermitidae Coptotermes formossnvis
Prerhinolennes simples
Reticulitermes CA
Reticulitermes LA

Termitidae

heterozygosity
observed

0.028 ±0.016
0.076 ±0.043
0.009 ±0.009

22
17

8.3 ± 1.0
4.5 ±0.3

1.3 ±0.1
1.1 ±0.1

20.0
13.3

45

18
11
15

225 ±0.0
6.7 ±0.7

1.3 ±0.2

27.5 ± 1 8
14.6 ±1.4

1.1 ±0.1
1.3 ±0.1
1.3 ±0.2

15.0 ±L 2
26.9 ±2.4

1.2 ±0.1
1.1 ±0.1

1
7
3
3

11
12
14

0.097 ±0.047
0.093 ±0.070

0.100± 0.047

16.7

0.030 ±0.021

0.064 ±0.041

8.3
26.7
18.2

0.017 ±0.017
0.011 ±0.010
0.045 ±0.034

0.039 ±0.039
0.144 ±0.054
0.068 ±0.057

0.007 ± 0.007
0.012 ±0.012

0.031 ±0.024
0.071 ± 0.048

0.020 ±0.013

0.236 ±0.083

0.000 ±0.000

0.000 ±0.000

Reticulitermes PA
Reticulitermes VA
Re.toliimne.9 pooled

6
19

10

88.9 ±4.3

1.8 ±0.3

16.7
14.3
45.5

Amitermes wheeleri

1

7

5.0 ±0.0

1.0 ±0.0

0.0

Isoptera (mean across genera)
* values for Zootermopsis spp. cited from Korman et al., in press.

0.080 ±0.033
0.199 ±0.055
0.035 ±0.027
0.105

31.6

1
1

expected

19.3

0.076 ±0.052

0.073 ±0.050
^
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Table 7. M atrix of Rogers' modified distance coefficients calculated for
species of Kalotermitidae (I. minor and M- iouteli) and Rhinotermitidae (£J.
form osanus. P. simplex, and Reticuliterm es spp.).

Species

1

2

1 1, m inor

***

0.898 0.803 0.959 0.815 0.904 0.920 0.916

2 N. iouteli
3 C. formosanus
4 P. simplex
5 Reticulitermes-Oalif.
6 Reticulitermes- La.
7 Reticulitermes- Pa.
8 Reticulitermes- Va.

***

3

4

5

6

7

8

0.924 0.853 0.900 0.907 0.918 0.950
***

0.776 0.755 0.854 0.877 0.924
***

0.838 0.845 0.868 0.975
***

0.373 0.415 0.592
***

0.216 0.667
***

0.668
***

lane
genotype

1
2
3 4
5 6
7 8
9
10 11 12
B/B C/C D/D B/B C/D D/D D/D B/B B/B B/B B/B B/B

origin

Figure 1. Diagram of electromorph mobilities for Z. nevadensis (lanes 1, 4, 8-10)
and Z. laticeps (lanes 2, 3, 5-7) (isocitrate dehydrogenase). Mobility is measured as
the distance (d ) the protein migrates while exposed to an electric current.
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Allozymic relationships among cuticular hydrocarbon
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Abstract
G enetic re la tio n sh ip s

am ong an d

w ith in

th re e

species of

Zootermopsis were examined using protein electrophoresis. Results were
compared w ith four cuticular hydrocarbon phenotypes: Z. angusticollis
(Hagen), g ,. laticen s (Banks), g . n ev a d en sis n ev ad en sis (Hagen), and Z.
nevadensis n u ttin g i H averty and Thorne. Allozyme d ata supported the
position of Z. angusticollis. Z. la tic e p s, and Z. n ev a d en sis as separate
species and w ere co n sisten t w ith cu ticu lar hydrocarbon groupings.
However, the two subspecies or cuticular hydrocarbon groupings w ithin g.
n e v a d e n sis were not genetically distinct.

If these subspecies are not

interbreeding, divergence has been recent because genetic differentiation
has not occurred. F u rth er studies are required to determ ine the basis for
th e inconsistency between cuticular hydrocarbon p attern s and allozymes
within the Z. ,ngy.adg.fi8ls. complex.

Key words Insecta, Zootermopsis. speciation, chemosystematics
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Introduction
Phenotypic variation associated w ith eusociality often confounds
correct identification of species, especially in Isoptera.

C haracters

generally used to distinguish term ite species include morphological and
ecological tra its of the imago and soldier castes.

As a result, several

biochemical methods have been used to study system atic problems. These
techniques include characterization of defensive secretions (Prestw ich
1983), pheromones, and enzyme electrophoresis (Howse & Clement 1981).
In addition, q u alita tiv e an d q u a n tita tiv e differences in cu ticu lar
hydrocarbon components have been examined in a num ber of term ite
genera: Reticulitermes spp. (Howard et al. 1978, 1980, 1982b, Clement et al.
1986), N asu titerm e s spp. [Moore 1969, Howard et al. 1988, M.I.H. (M.I.
H averty, Pacific S outhw est R esearch S tatio n , U.S. D ep artm en t of
A griculture, Forest Service, Berkeley, Calif.) et al. unpublished data],
Z o o term o p sis spp. (Blomquist e t al. 1979, H averty e t al. 1988), and
Coptotermes form osanus Shiraki (Haverty et al., in press). Differences in
hydrocarbon composition among many species of term ites have been so
striking th a t they have been suggested to function as cues for species and
caste recognition (Howard et al. 1982b, Howard & Blomquist 1982).
One term ite genus currently under investigation for new taxonomic
characters is Z o o term o p sis. a group of prim itive dampwood term ites
restricted to western North America. The most recent taxonomic studies of
this genus, conducted > 50 yr ago (Emerson 1933, Sumner 1933), recognized
three

extant species: Z. nevadensis (Hagen), Z. angusticollis (Hagen),
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and Z. la tic e p s (Banks). Im agines and soldiers of Z. la tic ep s are easily
separated from Z. an g u stico llis and Z. n ev a d en sis by th e shape of the
lateral m argins of the pronotum. In the imago, the la tte r two species are
distinguished prim arily by eye size and color; mandible length and head
shape separate soldiers (Sumner 1933). However, species diagnoses based
on these characters are often unreliable. Thorne & H averty (1989) have
shown th a t a m andibular character (shape and position of the subsidiary
tooth) can be used to unequivocally sep arate all e x ta n t species of
Zootermopsis.
Geographically, Z. nevadensis and Z. angusticollis are distributed
sym patrically along the Pacific Coast from Baja California, Mexico, to
B ritish Columbia, C anada.

However, Z. n ev a d en sis extends farth er

eastw ard into the continent, a t least as far as w estern M ontana (Weesner
1965, B.L. Thorne & M.I.H., unpublished data). Z. laticeps is found along
waterways in southern New Mexico and Arizona southw ard through the
Sonoran and Chihuahuan deserts into Mexico (Weesner 1965). Its range
does not overlap with those of either Z. nevadensis or Z. angusticollis. Z.
angusticollis and Z. nevadensis colonize dead wood, particularly th a t of the
common conifers Pseudosuga and P in u s. whereas Z. laticeps infests only
the dead, central portions of tru n k s and large branches of willow,
cottonwood, and sycamore.
Haverty et al. (1988) identified four unique cuticular hydrocarbon
phenotypes in Z ooterm opsis. Two of these were exclusive (and unique
within species) to Z. a n gusticollis (phenotype II) and Z. laticeps (phenotype
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IV). The other two phenotypes were observed in Z. nevadensis (phenotypes
I and III).

Studies of agonistic behavior am ong th e four cuticular

hydrocarbon phenotypes were used to describe a new subspecies, Z.
nevadensis n u ttin g i (Haverty & Thorne 1989). If cuticular hydrocarbon
phenotypes are species-specific as suggested by Howard & Blomquist (1982),
it follows th a t there may be a t least one unrecognized species in this genus.
Because of the relatively high resolving power of electrophoresis in
the discrimination among closely related sibling species (Avise 1975, Ayala
1975), we felt th a t Zooterm opsis presented an excellent opportunity to
determ ine genetic relationships among term ite species w ithin the genus
while evaluating congruence between cuticular hydrocarbon phenotypes
and allozymes.

M aterials an d M ethods
To determine the extent of genetic variation throughout the range of
Zooterm opsis. collection efforts were directed to sam pling colonies over a
large geographic range as opposed to sam pling colonies w ithin a site.
Specimens were obtained from 74 colonies th a t are designated as 16
geographic populations throughout Arizona, California, and Oregon (Fig.
1).

Sam ple sites were chosen from various locations w ithin each

population. Three to 15 pseudergates (undifferentiated larvae of a t least the
third instar) per colony were collected for electrophoresis, transported live
to Louisiana State U niversity, and frozen a t -70 ° C until they were
electrophoresed.

Seventy-three colonies were assigned to a cuticular
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hydrocarbon phenotype (by M .I.H.) and one colony sam ple of Z.
angusticollis was assigned to species (and thus to cuticular hydrocarbon
phenotype) using morphology.
Standard procedures for horizontal starch gel electrophoresis are
found in Selander et al. (1971), H arris & Hopkinson (1976), and Richardson
et al. (1986). Twenty-seven enzyme system s were surveyed in four gel
electrode buffer systems (see Pashley [1983] for specific recipes). Activity
was noted in 20 of these enzyme systems; 17 presumptive loci were resolved
and scorable. One locus, mannose phosphate isomerase (monomorphic for
Z. nevadensis and Z. angusticollis). was not resolved for Z. laticeps.
Individuals from different colonies within a population were pooled
to calculate m easures of genetic variability.

Allele frequencies were

determined for each population by first calculating colony allele frequency,
then averaging across colonies. This was necessary because sample size
varied, and pooling individuals among colonies gave increased weight to
colonies w ith larg er sam ple size and th u s yielded in accu rate allele
frequencies.

Allele frequencies were used as BIOSYS-1 (Swofford &

Selander 1981) input to generate Nei's (1972) and Rogers modified (Wright
1978) distance matrices. The unweighted pair group method of arithm etic
averaging (UPGMA, Sneath & Sokal 1973) was used to cluster genetic
distances between populations. A cophenetic correlation coefficient (Sokal
& Rohlf 1962) indicated the goodness of fit of the original distance m atrix to
the phenogram.

The integrity of the branch lengths and nodes of the

phenogram was determ ined by jacklcnifing (Lanyon 1985) populations.
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This procedure allowed rep eated construction of the phenogram after
systematically elim inating one population from the input.
Voucher specimens of larvae, soldiers, and alates (when available)
were deposited in the m useum of the D epartm ent of Entomology, Louisiana
State University, Baton Rouge.

R esults
W ith in Z o o te r m o n s is . 11 loci w ere polym orphic: a s p a rta te
am inotransferase (AAT), acid phosphatase (ACPH), alkaline phosphatase
(A P H ),

NADH

d ia p h o r a s e - 2

glucophosphoisom erase

(D IA ),

e s te r a s e - 2

(GPI), g lucose-6-phosphate

(E S T ),

dehydrogenase

(G6PD), isocitrate dehydrogenase (IDH), peptidase (PEP), 6-phosphoglucose
dehydrogenase (6PGD), and superoxide dism utase (SOD); 6 loci were
monomorphic: fum arase, malic enzyme, m alate dehydrogenase, mannose
phosphate isomerase, phosphoglucomutase, and xanthine dehydrogenase.
Allele frequencies, by population, are shown in A ppendix A.

Z_.

angusticollis exhibited the greatest genetic variability within the genus and
Z. laticeps was least variable. Heterozygosity values and other measures of
genetic variability for the three species are shown in Table 1.
Both genetic distance m easures calculated from 16 scorable loci in all
species produced sim ilar UPGMA phenograms. Rogers modified distance
(m atrix, Appendix B) produced a clu ster analysis w ith the highest
cophenetic correlation coefficient (0.98) (Fig. 2). The three major groupings
w ithin the phenogram correspond to the three species of Zootermopsis
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currently recognized.
Zooterm opsis laticep s is the most genetically distinct of th e three
species and contains four diagnostic loci. One diagnostic locus is present
in Z. nevadensis and Z. angusticollis contains a nearly fixed difference for a
unique allele a t one locus.

There were no fixed differences am ong Z.

nevadensis populations.
In Z. angusticollis. geographic clusters of populations are apparent.
N o rth ern (T rinity and Oregon) and so u th ern (M onterey an d San
Bernardino) populations cluster together. The two northern populations
are located in the Coast and Cascade m ountain ranges. These regions are
more sim ilar ecologically to each other than they are to the areas where the
southern California populations (San B ernardino and M onterey) are
located. The southern California sites are considerably more xeric than
areas sampled in northern California and Oregon. Large genetic distances
between these regions suggest th a t populations have little, if any, gene
exchange. Also, the high values w ithin the two regions suggest gene flow
may be restricted.
W ithin Z. n e v a d e n s is . cu ticu lar hydrocarbon phenotypes (or
subspecies) are not distinct genetic entities. The K lam ath and T rinity
populations, both of phenotype III (Z. n. n u ttin g i). cluster w ith the San
Gabriel population, (phenotype I, Z. n. n ev ad en sis). w hereas the other
three populations of phenotype III are clustered together on another
branch.

All subsequent phenogram s produced by jackknifing had

corresponding cophenetic correlation coefficients of a t least 0.98. The only
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population of Z. nevadensis subject to a change in position was San Gabriel.
W hen K lam ath w as elim in ated , S an G abriel clu stered w ith other
phenotype I populations, and T rin ity -Ill rem ained betw een th is cluster
and Mendocino-I. Likewise, when Sierra Nevada N-I was removed, San
Gabriel moved into the top cluster w ith other populations of phenotype I,
w hereas Trinity and K lam ath rem ained in place. Although this indicated
some m inor stru ctu ral instability, in no case did the two populations of
phenotype III (K lam ath and T rinity) cluster w ith other phenotype III
populations.

D iscussion
Levels o f G enetic V a ria tio n in Z o o te rm o p sis. M easures of genetic
variability in Zooterm opsis species are sim ilar to values determ ined for
other term ites as well as to average values for insects. Clem ent (1981)
found 52 % of the loci to be polymorphic in European Reticuliterm es
species.

M ean polymorphism for the class Insecta, sum m arized from

published reports (Nevo 1978), is approximately 40 %. Mean heterozygosity
(expected) for insects is 0.107 (G raur 1985), a value sim ilar to th a t of
Z ooterm opsis. Thus, variability w ithin this genus is sim ilar to th a t of
many other groups of insects.
Observed values of heterozygosity for the three species, however, are
considerably less th a n the expected values. Production of supplem ental
reproductives (neotenics) th a t m ate with other siblings and enhance colony
reproduction rate is common among term ites.

Therefore, differences in
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expected and observed heterozygosities are probably the re su lt of the
inbreeding (nonrandom m atin g betw een rela ted individuals) w ithin
Z o o te rm o p sis

colonies.

Inbreeding m ay also be influenced by the

asynchronous sw arm ing of alates from the sam e n est relative to other
colonies (Reilly 1987), which causes siblings to become the founding parents
of a new colony.

_

Myles & N utting (1988) summarized the tendency to produce neotenic
reproductives in a number of term ite families. Their information suggests
th a t dry-wood termites (Kalotermitidae) are probably the least inbred of all
te rm ite fam ilies.

O th er term ite genera (such as R eticuliterm es)

opportunely produce m any neotenic reproductives w ithin a colony.

In

R eticuliterm es flavipes (Kollar), Reilly (1987) showed th a t colonies were
inbred and genetically isolated from neighboring colonies w ithin the same
locality. W ithin Zootermopsis species, inbreeding may be moderate and fall
between th a t of the K aloterm itidae and R e tic u lite rm es. Production of
neotenics in this group is reported to be a resu lt of reproductive stress,
particularly orphaning (Myles & N utting 1988). Colonies, however, may
also enhance size and reproduction potential through fusion with adjacent
colonies (Haverty & Thorne 1989), and the colonies th a t fuse m ight have
been established by siblings.
C o n g ru e n c e b e tw e e n A llozym es a n d C u tic u la r H y d ro c a rb o n
A n aly sis. As a major lipid class of surface waxes in insects (Hadley 1980),
cuticular hydrocarbons provide protection against desiccation as well as a
potential m eans of chemical communication w ithin and among species
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(Howard & Blomquist 1982). Phenotyping using these lipids is based on
quantitative or qualitative differences in hydrocarbon components (Howard
et al. 1982b, 1988, Haverty et al. 1990).
In Z o o te rm o p sis. behavioral assays of soldiers, nym phs, and
pseudergates showed th a t one cuticular hydrocarbon phenotype reacts
agonistically to individuals of another phenotype (Haverty & Thorne 1989).
T herefore, cu ticu lar hydrocarbons are co rrelated w ith b eh av ioral
responses and may play a role in reproductive isolation between phenotypes
(or species).

The im portance of cuticular hydrocarbons for

species

recognition has been fu rth e r em phasized by the discovery th a t some
term itophiles may be capable of mimicking the cuticular hydrocarbon
composition of their host and thus gain acceptance into the colony (Howard
et al. 1980, 1982a). Because hydrocarbon composition is unique among the
few term ite species th a t have been examined, it has been suggested th a t
cu ticu lar hydrocarbon profiles are species-specific and can be of
considerable taxonomic value (Howard et al. 1978, Blomquist et al. 1979,
Howard & Blomquist 1982).

It m ight then follow th a t allozymes

and

cuticular hydrocarbon differentiation should show congruent patterns.
In Zootermopsis. congruence of electrophoretic d ata and cuticular
hydrocarbon phenotypes is lim ited to species differences.

Among

Zootermopsis populations of the three recognized species, fixed or nearly
fixed differences in allele frequencies support their current taxonomy. No
fixed differences in allele frequencies or consistent distance relationships
am ong populations existed between the two Z. n e v a d e n sis cuticular
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hydrocarbon phenotypes or subspecies.
There are two possible reasons these identification techniques are not
congruent in Z. n e v a d e n s is .

F irst, th e composition of the cuticular

hydrocarbons may be evolving faster th a n allozymes. Toolson & KuperSimbron (1989) showed th a t significant quantitative change in hydrocarbon
components and associated perm eabilities can occur w ithin an isofemale
line of D rosophila pseudoobscura Frolova w ithin a few generations. It is
possible th a t th e two cuticular hydrocarbon phenotypes in Z. nevadensis
represent taxa in the very early stages of speciation and allozymes do not
yet reflect these reproductively isolated groups.
The second explanation is th a t cuticular hydrocarbon phenotypes are
not indicative of evolutionary histories. For example, although Z. laticeps
and Z. n . n u tti n g i are genetically d issim ilar, th ey have cu ticular
hydrocarbon m ixtures th a t are qualitatively more sim ilar to each other
than to Z. angusticollis or to the other subspecies, Z. n. nevadensis. It also
has been shown in various arthropods th a t the quantity of these lipids can
be affected by the environm ent (i.e., h ab itat, tem p eratu re, relative
humidity, and season) (Hadley 1977, Toolson 1982, Toolson & Hadley 1979).
Thus, cu ticu lar hydrocarbon phenotypes in Z. n e v a d e n s is may be
differentiating along some geographic cline in response to a selection
gradient.
If enviro n m en tal selection influences cu ticu lar hydrocarbon
com position,

th e n

phenotype

II (Z_. a n g u s tic o llis ) m ay be more

environm entally plastic because it occurs across some of the same
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environm ental gradients as Z. nevadensis yet exhibits only one cuticular
hydrocarbon phenotype.

P erhaps the key to u n d ersta n d in g genetic

relationships among Z. nevadensis populations lies in the climatological /
geological history of the area they occupy.
Although th ere m ight be a close association betw een cuticular
hydrocarbon phenotype and agonistic behavior, there is no direct evidence
th a t cuticular hydrocarbons facilitate reproductive isolation as earlier
suggested. Intraspecific agonistic behavior between larvae or imagines of
Zootermopsis does not always prohibit reproductive interaction. Alates of
phenotypes I and III have been known to pair and produce progeny under
laboratory conditions (Haverty & Thorne 1989).

In addition, H averty &

Thorne (1989) have noted considerable in trap h en o ty p ic aggression
displayed toward prim ary and supplem ental reproductives of different
colonies.

Aggressive behavior alone does not always indicate species

isolation.

Intraspecific aggression occurs am ong colonies of an ant,

Camponotus vagus Scopoli, th a t possess different proportions of cuticular
hydrocarbons (Bonavita-Cougourdan et al. 1987). In term ites, intraspecific
aggression has been noted in Coptoterm es acinaciform es (Froggatt)
(Howick & Creffield 1980) and in Coptotermes form osanus Shiraki (Su &
M.I.H., unpublished data) without any indication of reproductive isolation.
The relationship between inter-colony aggression and colony reproduction
and fusion is not fully understood. Additional work in this area would aid
in clarifying the association between cuticular hydrocarbon phenotypes and
reproductive isolation.
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Although our genetic d ata do not support the existence of a hidden
species w ithin Z. nevadensis. our results should not be interpreted to mean
th a t cuticular hydrocarbon phenotyping has little taxonomic value. In fact,
these data emphasize the need for future studies w ithin Zootermopsis and
perhaps other groups of Isoptera. In particular, extensive sam pling and
phenotypic / genetic studies of Z. nevadensis colonies of the K lam ath and
Cascade M ountains would be of considerable value because this area is the
apparen t border between th e two Z. nevadensis phenotypes in northern
California.

Inform ation provided by cuticular hydrocarbon composition,

coupled w ith behavioral, morphological, and genetic studies, m ay provide
insight into processes of evolution and speciation in social insects.
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U niversity of

Table 1. Measures of genetic variation in Zootermopsis species.
Species

No. loci

No. individuals/ % Polymor phic
locus, x ± S E
loci *

No. alleles/ *
locus, x ± SE

Heterozygosity, x ± SE
Observed
(direct count)

Expected
(unbaised estimate)

£. neyadeojsis

17

120.6 ±8.5

29.4

1.9 ±0.3

0.028 ±0.016

0.080 ±0.033

Z- angusticollis

17

35.2 ±2.3

52.9

1.9 ± 0.3

0.076± 0.043

0.199 ±0.055

Z- latic&ps

16

20.2 ±2.1

12.5

1.1 ±0.1

0.009 ±0.009

0.035 ±0.027

* A locus was considered polymorphic is the frequency of the most common allele did not exceed 0.95.
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Figure 1. Geographic distribution of populations of Zootermopsis
species, designated by cuticular hydrocarbon phenotypes (Haverty et
al. 1988); Z. nevadensis nevadensis (■), Z. nevadensis nuttingi (□),
Z. anmisticollis (-*-), Z. laticeps (★).
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Z ooterm op sis p o p u la tio n s; co p h en etic co rrela tio n co efficien t = 0 .98.
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n e v a d e n s is n e v a d e n s is : III, Z. n . n u t t in g i: II, Z. a n g u s t ic o llis ; IV,
Z. la tic e n s .
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Appendix A
Allele frequencies for polymorphic loci in Zootermopsis populations.

Populations / Cuticular Hydrocarbon Phenotype^
Locus

1/1

2/1

6/1

7/III

5

5

7

8

7

1

2

8

5

A

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

B

1.0

0.800 1.0

1.0

1.0

1.0

0.875 0.875 0.935

C

0.0

0.100 0.0

0.0

0.0

0.0

0.125 0.042 0.0

D

0.0

0.100 0.0

0.0

0.0

0.0

0.0

0.083 0.065

5

5

7

8

7

1

2

8

5

A

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

B

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

C

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

5

4

1

3

7

1

2

10

4

A

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

B

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

5

5

7

8

7

1

2

8

5

A

0.0

0.0

0.0

0.0

0.0

0.0

0.335 0.042 0.133

B

0.067 0.0

0.0

0.0

0.0

0.0

0.0

C

0.933 1.0

1.0

1.0

0.952 1.0

AATnc

A CPH n

APH n

DIA n

4/1

3/1

5/1

8/III

0.0

9 /n i

0.067

0.665 0.958 0.750
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0.0

0.0

0.0

0.0

0.048 0.0

0.0

0.0

0.050

5

5

7

8

7

1

2

8

5

A

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

B

0.100 0.0

0.0

0.0

0.0

0.0

0.0

0.028 0.0

C

0.473 0.700 0.571 0.750 0.679 1.0

1.0

0.889 1.0

D

0.050 0.0

0.071 0.250 0.071 0.0

0.0

0.0

0.0

E

0.0

0.0

0.036 0.0

0.0

0.0

0.0

F

0.377 0.300 0.357 0.0

0.214 0.0

0.0

0.083 0.0

4

2

7

D
EST2 n

GPI n

0.0

5

0.0

7

8

7

1

5

A

0.063 0.0

0.0

0.0

0.0

0.500 1.0

0.429 0.275

B

0.938 1.0

1.0

1.0

0.893 0.500 0.0

0.571 0.725

C

0.0

0.0

0.0

0.0

0.107 0.0

0.0

0.0

0.0

5

5

7

8

7

2

6

5

0.643 0.0

1.0

0.972 0.975

1.0

0.0

0.028 0.025

G6PD»n

1

A

0.557 0.767 0.571 1.0

B

0.0

C

0.443 0.233 0.429 0.0

0.357 0.0

0.0

0.0

0.0

D

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

5

5

7

8

7

1

2

8

5

A

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

B

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

C

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

D

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

5

5

7

8

7

1

2

8

5

IDH n

PEP n

0.0

0.0

0.0

0.0
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A

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

B

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

5

5

7

8

7

1

2

8

5

A

1.0

0.967 1.0

0.938 0.952 1.0

1.0

1.0

1.0

B

0.0

0.0

0.062 0.024 0.0

0.0

0.0

0.0

C

0.0

0.033 0.0

0.0

0.024 0.0

0.0

0.0

0.0

5

5

7

8

7

1

2

8

5

A

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

B

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

6PGD n

SOD n

0.0
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Population/Cuticular Hydrocarbon Phenotype
Locus

10/111

11/III 12/11 13/11 14/11 15/n 16/IV
1

9

0.286 0.0

0.0

0.0

1.0

0.714 1.0

0.500 0.093

0.0

0.0

0.0

0.0

0.0

0.541 0.0

0.0

0.0

0.0

0.500 0.907

2

2

5

3

4

1

9

A

0.0

0.0

0.0

0.667 0.0

0.0

0.0

B

1.0

1.0

1.0

0.333 1.0

1.0

0.0

C

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1

2

4

3

4

1

9

A

0.0

0.0

0.0

0.0

0.0

0.0

1.0

B

1.0

1.0

1.0

1.0

1.0

1.0

0.0

2

2

5

3

4

1

9

A

0.0

0.0

0.083 0.0

0.0

0.0

0.0

B

0.167 0.250 0.317 0.0

1.0

0.0

0.0

C

0.833 0.750 0.0

1.0

0.0

1.0

1.0

D

0.0

0.0

0.600 0.0

0.0

0.0

0.0

2

2

5

4

1

9

A

0.0

0.0

0.025 0.0

0.0

0.0

0.0

B

0.333 0.0

0.167 0.0

0.0

0.0

2

2

5

3

A

0.0

0.0

0.0

B

0.459 1.0

C

0.0

D

AAT n

A C PH n

APH n

DIA n

EST2n

0.0

3

4

0.0
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GPI

0.547 0.278 0.475 0.333 1.0

c

0.667 1.0

D

0.0

0.0

0.0

0.0

0.0

0.0

0.0

E

0.0

0.0

0.0

0.0

0.0

0.0

0.0

F

0.0

0.0

0.428 0.556 0.525 0.667 0.0

n

1

2

4

A

1.0

1.0

B

0.0

C

4

1

9

0.625 1.0

1.0

1.0

1.0

0.0

0.375 0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

2

2

5

3

4

1

9

A

1.0

1.0

0.340 0.662 1.0

0.500 0.0

B

0.0

0.0

0.0

0.0

C

0.0

0.0

0.660 0.378 0.0

D

0.0

0.0

0.0

0.0

0.0

0.0

1.0

2

2

5

3

4

1

9

A

0.0

0.0

1.0

0.889 0.438 0.0

0.0

B

1.0

1.0

0.0

0.111 0.562 1.0

0.0

C

0.0

0.0

0.0

0.0

0.0

0.0

0.278

D

0.0

0.0

0.0

0.0

0.0

0.0

0.722

2

2

5

3

4

1

9

A

1.0

1.0

0.0

0.0

0.0

0.0

0.0

B

0.0

0.0

1.0

1.0

1.0

1.0

1.0

2

2

5

3

4

1

9

1.0

0.750 0.967 0.756 1.0

G6PD n

IDH n

PEP n

6PGD n
A

3

0.0

0.0

0.0

0.500 0.0

0.750 1.0
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0.122 0.0

B

0.0

0.250 0.0

C

0.0

0.0

0.033 0.122 0.0

n

2

2

5

3

A

0.0

0.0

1.0

B

1.0

1.0

0.0

0.250 0.0
0.0

0.0

1

9

0.667 1.0

1.0

0.0

0.333 0.0

0.0

1.0

4

&Z. nevadensis: l= S ierra Nevada North, 2=Sierra Nevada South, 3=San
Jacinto, 4=San Gabriel, 5=San B ernardino, 6=Mendocino, 7=Monterey,
8=Trinity, 9=K lam ath, 10=Mendocino, ll= O reg o n ; Z.. a n g u s t i c o l l i s :
12=Trinity, 13=San Bernardino, 14=Oregon, 15=Monterey; Z. laticeps=16,
southeastern Arizona.
bPopulations 1-11 are Z. nevadensis (Z. n. nevadensis= phenotype I, Z. n.
nuttinei= phenotype III), 12-15 are Z. angusticollis (phenotype II), and 16 is
Z. laticens (phenotype IV)
cn=number of colonies sampled w ithin population.
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Appendix B
D istance m atrix (Rogers' M odified D istance) of Zootermopsis
populations. Roman num erals indicate cuticular hydrocarbon phenotype.
Populations 1-11 are 2l- nevadensis. 12-15 are Z. an gusticollis. and 16 is Z.
laticeps.

Population____________ 1____ 2____ 3

4

5

6____ 7

8

1 Sierra Nevada N-I XXX 0.086 0.034 0.146 0.062 0.212 0.296 0.171
2 Sierra Nevada S-I

XXX 0.072 0.101 0.065 0.245 0.281 0.133

3 San Jacinto-I

XXX 0.133 0.048 0.214 0.303 0.170

4 San Gabriel-I

XXX 0.107 0.287 0.273 0.124

5 San Bemardino-I

XXX 0.210 0.277 0.141

6 Mendocino-I

XXX 0.293 0.250

7 Monterey-ni

XXX 0.164

8 Trinity-Ill
9 Klamath-III
10 Mendocino-III
11 Oregon-Ill
12 Trinity-II
13 San Bemardino-II
14 Oregon-II
15 Monterey-II
16 Z. latk£ES-IV

XXX
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Population__________ 9

10

11

12____ 13

14___ 15___ 1£

1 Sierra Nevada N-I 0.173 0.306 0.294 0.502 0.483 0.510 0.451 0.636
2 Sierra Nevada S-I

0.131 0.290 0.284 0.522 0.495 0.520 0.460 0.627

3 San Jacinto-I

0.169 0.319 0.303 0.511 0.493 0.524 0.461 0.639

4 San Gabriel-I

0.109 0.297 0.269 0.542 0.514 0.525 0.492 0.647

5 San Bernardino-1

0.135 0.299 0.275 0.508 0.491 0.516 0.460 0.631

6 Mendodno-I

0.259 0.324 0.293 0.504 0.494 0.543 0.451 0.606

7 Montery-in

0.188 0.165 0.103 0.517 0.465 0.451 0.438 0.594

8 Trinity-DI

0.064 0.196 0.171 0.517 0.470 0.479 0.441 0.600

9 Klamath-III

XXX 0.235 0.197 0.513 0.494 0.482 0.468 0.615

10 Mendodno-DI
11 Oregon-Ill
12 Trinity-II
13 San Benardino-II
14 Oregon-II
15 Monteiy-II
16 Z. laticeps-IV

XXX 0.172 0.534 0.457 0.460 0.409 0.563
XXX 0.518 0.461 0.440 0.434 0.599
XXX: 0.327 0.287 0.376 0.636
XXX 0.358 0.316 0.550
XXX 0.333 0.645
XXX 0.571
XXX

Chapter III
Genetic relationships among four U.S. populations of the
Formosan subterranean term ite (Isoptera: Rhinotermitidae)

Prepared for Sociobiology
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A bstract
Forty-five colonies of C o n to te r m e s f o r m o s a n u s

S h ira k i

rep resen tin g four U.S. populations were sam pled for allozymic
variation. Three of the 18 loci were polymorphic. Levels of genetic
variability within the U.S. populations were low when compared to other
diploid insects. Low variability may be the resu lt of lim ited genetic
variation in founder individuals th a t established these populations.
M ainland populations were apparently initiated through independent
external sources and not in the course of internal interstate commerce.
Although significant differences were observed among all populations,
these d ata did not indicate th a t the Lake Charles, La. population
represents an undescribed species of Coptotermes.

K ey w o rd s Insecta, Isoptera, genetics, allozymes
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Introduction
Most of the species within Contotermes are tropical in distribution
(Gay 1969). Although some species occur in other geographic regions,
none are native to th e n eartic (W eesner 1965).

The Form osan

su b terran ean term ite, C ontoterm es fo rm o s a n u s S hiraki, is one of
several species in this genus th a t have successfully become established
in foreign environments. I t is indigenous to m ainland China (Kistner
1985), and, although natural vagility of the winged reproductive form is
very low, it is well adapted to phoretic introductions associated w ith
hum an commerce (Su & Tamashiro 1987).
The current distribution of C. formosanus includes China, Japan,
Sri Lanka, P akistan, num erous Pacific islands, Brazil, South Africa
and the United States (Chhotani 1985). It was probably established in
Hawaii by 1900 but was not known to be successfully established in the
continental United States until after World War II. Collection records
eastablish th a t the earliest known area of infestation in North America
was located in Charleston, S.C. in 1957 (Chambers et al. 1988).

C.

form osanus was first identified in Texas in 1965 (Weesner 1965) and
Louisiana in 1966 (Spink 1967). It currently has a discontinuous
distribution throughout the southeastern United States (South Carolina,
Texas, Louisiana, Alabama, Mississippi, Florida and Tennessee) (Su &
Tamashiro 1987).
Because of its tropical nature, the major factor influencing the
distribution of Q_. fo rm o s a n u s appears to be the m inim um daily
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tem perature during the coldest month of the year (Abe 1937). However,
considering its ability to thrive in man-made structures, there is great
potential for £ . formosanus to extend its eastern distribution northw ard
into the New England States (Beal 1967). Potential establishm ent in the
Pacific region also poses a significant economic th re a t (Haverty et al.
1990)
C optoterm es form osanus is extremely destructive and foraging
activity can be responsible for the destruction of a variety of m aterials
(Beal 1967, Roonwal 1970).

In New O rleans, L ouisiana, its

voraciousness has made it the prim ary structural term ite pest in some
areas of the city, replacing native Reticulitermes spp. (La Fage 1987). In
addition to attacking structures, C. form osanus attacks the wood of at
least 26 tree species including baldcypress, Taxodium distichum (L.)
Rich. (La Fage 1987). Sound baldcypress wood is not usually a preferred
food source for these term ites (W aller & La Fage 1987).

In fact,

baldcypress heartwood has been shown to produce allelochemicals
which render the wood highly resistant to termite attack (Scheffrahn et
al. 1988). Irrespective of anti-term itic properties, many baldcypress
snags in Louisiana are infested with thriving colonies of C. formosanus.
Although the insect is p resen t in other areas of Louisiana
(Haverty et al. 1990, La Fage 1987), two major centers of £ . formosanus
infestation are recognized: the W est Lake/Lake C harles and New
Orleans areas. Detection outside these areas may be hindered because
of unfam iliarity w ith th e insect.

The in itial collections in the
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Charleston, SC, area were m isidentified (Chambers et al. 1988), and
la te

d etection in New O rlean s also m ay have been due to

m isidentification because alates superficially resem ble Incisiterm es
snvderi (Light) (Weesner 1970). Additional infestations in Louisiana
have been verified in Raceland, Grand Isle, Lafayette, and Covington
(La Fage 1987).
Reported discrepancies among pest control operators regarding
the effectiveness of control m easures for this insect have caused much
concern in the pest control industry.

Apparently, term ite control in

Lake C harles is easier th a n the same practices in New O rleans.
Coupled with the aforementioned utilization of baldcypress, the biology
and control of this insect has been under close scrutiny. The reasons for
such notew orthy incongruities among populations have not been
determ ined b u t La Fage (1987) speculated th a t the Lake Charles
p opulatio n m ay re p re s e n t a n

u n id en tified cryptic

species of

C optoterm es. Revision of the entire genus may be necessary (Collins
1988). But, more significantly, Watson et al. (1984) indicated th a t C.
formosanus may actually represent an ill-defined group of species. The
disputed taxonomic status of this genus gives some support to the theory
of a possible cryptic species; but, the question needs to be experimentally
addressed.
The first objective of this study was to use allozyme electrophoresis
to address this systematic problem in United States populations of Q.
formosanus. Specifically, does the Lake Charles population represent a
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cryptic species as yet unidentified? Because enzyme electrophoresis is a
useful tool for distinguishing among closely related species (Avise 1975),
allozyme data from the Lake Charles population were compared to other
populations of Q. formosanus to determine systematic congruity.
The second objective was to study genetic relationships among
four populations of Q. form osanus in the U nited States: Lake Charles
and New Orleans, Louisaina; Oahu, Hawaii; and Hallendale, Florida.
Genetic sim ilarity of populations could conceivably indicate possible
sources of these m ain lan d populations.

C u ticu lar hydrocarbon

relationships among these same populations indicated th a t m ainland
populations were not related to the Hawaiian population (Haverty et al.
1990). Allozyme relationships were compared to cuticular hydrocarbon
patterns to determine if the two measures gave similar results.

M aterials an d M ethods
Forty-five colonies of £L. form osanus were sampled: 9 colonies
from New Orleans, La. (Orleans Parish), 6 colonies from Hallandale,
Fla. (Broward County), 7 colonies from Hawaii (University of Hawaii
campus and Kaneohe, Oahu), and 23 colonies from trees in the English
Bayou and Houston and Calcasieu Rivers north of Lake Charles, La.
(Calcasieu Parish).

Colony samples were collected from dead wood,

ground traps, tree traps or structures. Specimens were transported live
to Louisiana State University and frozen at -70° C until electrophoresed.
Voucher specimens from each colony were prepared for submission to
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th e D epartm ent of Entomology, L ouisiana S tate U niversity, Insect
Collection.
Procedures for starch gel electrophoresis were modified from
Selander et al. (1971), H arris & Hopkinson (1976) and Pashley (1983).
Thirty-four enzyme systems were surveyed in four gel-electrode buffers
[see Pashley (1983) for recipes]. Activity was noted in 20 of these enzyme
systems and 18 presumptive loci were resolved and scorable.
In this study, colonies were represented by equal sample sizes of
individuals (n=5) to avoid colony bias in subsequent calculations. D ata
were pooled by population and used as input for BIOSYS-1 (Swofford &
Selander 1981). Allele frequencies were calculated and m easures of
genetic variability were

determ ined.

Each locus was examined for

deviations from Hardy-W einberg equilibrium.

Contingency x2-square

analyses were performed to determine homogeneity among populations.
Pairw ise contingency X2 analysis of the 6 possible combinations of
populations was used to determ ine significant differences between
populations when an overall contingency x2 was significant. Breeding
structure among populations is often assessed by the calculation of Fstatistics. F-statistics for £!. formosanus were calculated by the method
of Weir & Cockerham (1984) as suggested for unequal or small sample
sizes (<100 individuals) (Black & Krasfur 1985). Population relationships
were assessed by calculating distance coefficients and clustering
populations by the unw eighted m ethod of arith m etic averaging
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(UPGMA, Sneath & Sokal 1973). A cophenetic correlation coefficient
(Sokal & Rohlf 1962) was calculated to determine the overall congruence
of the phenogram to the original distance matrix.

R esults
Among 18 loci, 3 were polymorphic [esterase-3 (EST3), esterase-5
(EST 5),

g lu co p h o sp h o iso m erase-slo w

(G PIS)],

and

15

w ere

monomorphic [aspartate am inotransferase, acid phosphatase, esterase4, esterase-6, esterase-7 , fu m arase, glucophosphoisom erase-fast,
isocitrate dehydrogenase, glucose-6-phosphate dehydrogenase, m alate
d e h y d ro g e n a se ,

m a n n o se

phosphoglucom utase,
dehydrogenase].

p h o s p h a te

superoxide

is o m e ra se ,

d ism u tase,

p e p tid a s e ,

6 phosphoglucose

Four additional loci (acid phosphatase-2, adenosine

deaminase, guanine deaminase, hydroxybutarate dehydrogenase) were
subsequently indentified b u t sta in in g proved to be inconsistent.
Although each of these loci was apparently monomorphic in the few
colonies in which they were observed, they were elim inated from
analyses because sufficient data were not obtained among all colonies
and populations.
Allele frequencies for polymorphic loci are shown in Table 1. Of
the th ree variable loci, only GPI-S conformed to Hardy-W einberg
expectations. Polymorphic esterase loci showed significant deviation (a
= 0.05) from expected values and each locus was deficient in
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heterozygotes.
M easures of genetic variability within populations are shown in
Table 2. Compared with other diploid insects (Nevo 1978, G raur 1985), Q.
formosanus has lower levels of variability, but, these values were higher
th a n genetic variability observed in the social Hymenoptera. These U.S.
populations also had lower levels of polymorphism compared to other
rhinoterm itids (52%, Clem ent 1981).

Observed m ean heterozygosity,

determ ined by direct count, is sensitive to m ating structure and was
lower th a n expected values for these populations based on HardyWeinberg proportions. These differences between observed and expected
heterozygosities reported for C,. fo rm o s a n u s are consistent w ith
inbreeding populations.
Modified Rogers' distance (W right 1978) (Table 3) was used to
produce a phenogram based on population sim ilarities (Figure 1).
Populations in the phenogram were grouped into two clusters of two
populations each.

Average distance among populations was 0.111.

P opu latio n s from th e four sam pling a re a s w ere significantly
heterogeneous. The Lake Charles population appeared to be the greatest
contributor to total x2 in contingency analysis (Table 4), but contained no
diagnostic differences in allele frequencies.

E lim ination of Lake

Charles from the analysis lowered total x2 from 354.889 to 124.664 but
had no effect on significance levels a t each locus. Because the overall
contingency x2 was significant, pairwise analyses were used to make
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comparisons between populations. Chi-squares summed across loci for
each comparison between two populations were significant. Sixteen of
18 possible %2 calculations were significant.

F st values (Table 5),

indicators of population subdivision, were high compared to values
determined for highly vagile insects (Pashley et al. 1985, McCauley &
E anes 1987).

The nonrandom m ating component, F is ,

and the

nonrandom m ating component associated with population subdivision,
F

it ,

were high (Table 5).

D iscussion
Closely related species are often d istinguishable by fixed
differences a t different enzyme loci. In term ites, diagnostic differences
have been observed in R eticu literm es species (Clement 1981) and
Z o o te rm o n s is species (Korm an et al., in press).
fo rm o sa n u s

A lthough C.

populations in th e U nited S tate s are relativ ely

heterogeneous, no diagnostic differences among populations suggest the
presence of more th an one species.

Relationships among conspecific

populations representing different subspecies may be more difficult to
discern using allozyme analysis (Avise 1975). For example, subspecies
of Zootermopsis nevadensis (Hagen), identified by cuticular hydrocarbon
phenotyping, could not be separated using allozyme techniques (Korman
et al., in press).
Differences in host use and control effectiveness between the Lake
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Charles population and Q.. form osanus from other localities cannot be
explained on the basis of allozyme differences. Biological modifications
to new environments have been noted in at least three other species of
Coptotermes (Gay 1969). Utilization of baldcypress as a host may be a
response to wood which has been modified by fungal decay (Waller & La
Fage 1987), ra th e r th a n a behavioral difference between species or
subspecies as has been suggested. In addition, size differences between

Q. formosanus found in baldcypress trees in the river and termites from
land hosts are more likely associated with the poor nutritional quality of
baldcypress wood (Waller & La Fage 1988).

The reasons for observed

differences in control and host utilization in C. form osanus are still
unclear. The genus appears to be particularly biologically plastic, but a
genetic basis appears unfounded.
This is the first use of enzyme electrophoresis for genetic
comparisons among introduced populations of termites. Historically, it
is believed th at the mainland populations of C. formosanus in the United
States are the result of independent founder events which first occurred
over 40 years ago. Exact dates of introductions cannot be determined,
but, estim ates are available. Introduction into New Orleans has been
linked with m ilitary tran sp o rt during World W ar II because early
infestations were centered around Camp Leroy Johnson (Spink 1967).
The Lake Charles population is presumed to be older than th at of New
Orleans (Weesner 1970). £J. formosanus was discovered in Hallendale,
Fla. as recently as 1980 (Lewis 1983). Numerous introductions into each
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of these localities may have supported the success of young, establishing
populations.
There is some evidence th a t C.. form osanus was established in
H aw aii by 1869 and its introduction is m ost closely associated w ith
sandalwood trad e and im m igration from the orient (Su & Tamashiro
1987, Tamashiro et al. 1987). Commerce, immigration and location in
the Pacific theater indicate a high probability of repeated introductions of
the insect into Hawaii.
Not surprisingly, genetic structuring among populations of C.
formosanus in the United States show patterns consistent with founder
events.

Heterogeneity among populations is reflected by high F st

values. F st values can range from 0 to +1. The higher the F st value,
the greater the population structuring. Highly mobile insects would be
expected to have little genetic substructuring among populations, and
therefore,

F

st

values should be very low. For example, F-statistics have

been used to study genetic stru ctu rin g w ithin a population of
Reticuliterm es flavines (Kollar) (Reilly 1987).
flavipes colonies are highly inbred,

F st,

Despite the fact th a t R.

measured across sites within a

population, was not significantly different from 0.
Random neutral changes in gene frequencies, genetic drift, are
v irtu ally n o nexistent am ong large, random m ating populations.
However, w hen populations of Q_. fo rm o san u s were established,
geographic isolation among populations was immediate because termite
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mobility is lim ited and spread of the insect is slow. In populations
established by small bottlenecks during founder events, genetic drift
may eliminate some alleles th a t were present in the parental population
causing reductions in the num ber of alleles p er locus and average
heterozygosity in new populations (Nei et al. 1975). This may explain
why some alleles a t GPI-S and EST-3 were n o t p resen t in all
populations. Severity of the bottleneck effect on genetic variability is a
function of the size of the bottleneck and the rate of population growth in
the founder population (Nei et al. 1975). A small initial size with slow
population increase will resu lt in the greatest reduction of variability.
In term ites, population growth is slow because it often takes several
years before an incipient colony is capable of producing alates which will
produce the next generation of colonies (Nutting 1969). Founder effects,
thus, are expected to be extreme.
High levels of sub stru ctu rin g because of nonrandom m ating,
indicated by F is and F it values, also contribute to overall heterogeneity
among populations.

F is indicates levels of inbreeding in individuals

w ithin the subpopulation to which they belong. It is measured relative
to the proportions of heterozygotes th a t would be present if the population
was in Hardy-W einberg equilibrium.

F it accounts for the effects of

nonrandom m ating (measured by Fis) and population subdivision (F st)Both F is and F it values can range from -1 to 1. Positive values indicate
heterozygote deficiencies and negative values indicate heterozygote
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excess. These values, however, may also be interpreted as subdivisions
relative to family relationships among individuals sampled within the
same colonies. In some cases, term ite colonies can be considered to be
independent populations w hen they are comprised of m any randomly
m ating individuals (Clement 1981). Conversely, term ite colonies may
have a highly inbred stru ctu re (Reilly 1987).

Additional studies of

genetic relationships of colonies within populations will provide valuable
inform ation since it ap p ears th a t levels of inbreeding (through
production of supplem ental reproductives) among term ites species is
variable (Myles & Nutting 1988).
Bottleneck effects are presumed to be responsible for low average
heterozygosity in an erm ine moth (Menken 1987), the gypsy moth,
L v m a n tria d is p a r L., in the U nited S tates (H arrison et al. 1983),
Drosonhila m elanogaster Meigen (Choudhury & Singh 1987). Levels of
average heterozygosity in these C. form osanus populations are lower
th an the average levels estim ated among other diploid insects (0.107,
G raur 1985). Although low heterozygosity has been determined for C.
form osanus in the U nited States, it cannot be determ ined with the
present data whether these values reflect low variability in the species or
a response to founder events. Indigenous colonies from the orient are
required to distinguish among the two possibilities.
Low genetic variability has also been associated with eusociality
among insect species. Numerous explanations have been proposed to
explain low v ariab ility in social insects (e.g. breeding system ,

93
Berkelham er 1983; effective population size, G raur 1985). For example,
eusociality may reduce effective population size and subsequently the
am ount of genetic v ariatio n .

A lthough a colony m ay consist of

thousands of individuals, only a few actually contribute to reproduction.
Therefore, genetic variation among all individuals is minimal because
there are only a few reproductive genotypes. Eusocial insects can also be
subject to high levels of inbreeding which may contribute to reduced
variability. H abitat stability has also suggested an explanation for low
genetic variation in some eusocial insects (Pamilo et al. 1975, 1978)
because a homogeneous environment may require less genetic variation
for survival of each individual (Soule 1976).

In spite of num erous

theoretical approaches, these observations are based prim arily on
genetic studies of Hymenoptera, and few data from term ite species are
available for comparison.

Observations of average heterozygosity in

other termites (0.000 to 0.199, Chapter I) seem to indicate th a t variability
among Isoptera is not uniform. This study further points to the need for
additional electrophoretic sampling of other termite species to determine
the effects of eusociality on genetic variation.
These allozyme results are compatible with the results of Haverty
et al. (1990) who used cuticular hydrocarbon analysis to separate the
four populations.

A lthough no q u alitativ e differences am ong

populations were detected, d iscrim in an t anlysis of hydrocarbon
components was able to separate populations. On the basis of profile
similarity, their results suggested the Hawaii population was probably

94
not the source of the three m ainland populations. Allozyme results,
likewise, do not suggest th a t Hawaii is particularly sim ilar to m ainland
populations.

Because hydrocarbon production is presum ably under

genetic control, differences among hydrocarbon profiles may simply
reflect the effects of inbreeding or population differentiation th a t occurs
when populations experience bottlenecks in size during founder events
(i.e. in much the same way as allozymes).
A lthough th is stu d y was based on lim ited exam ination
geographic populations of C.. form osanus. the electrophoretic survey
was extensive enough to clearly docum ent m inim al v ariation in
introduced populations. Most variation was identified in one class of
enzymes (esterases) th a t are not only extremely variable but are also
often difficult to interpret. Therefore, although differences exist among
populations, the cause of those differences cannot be determined without
further studies. The questions surrounding founder events cannot be
resolved without collections of indigenous populations in the orient. It is
conceivable th at all C.. form osanus populations, including native ones,
exhibit low levels of variability because term ite life history involves the
founding of new colonies by single pairs. Individual colonies have the
potential to exist as inbred units for many years through the production
of su p p lem en tal

rep ro d u ctiv es

th u s

co n trib u tin g

to

overall

substructuring among populations. Low variability, in fact, may reflect
a characteristic of the species as a whole. Additional studies of genetic
variability in termites can answer this question.
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The use of allozyme m arkers to identify the source of populations
in the United States was constrained by the lack of variability a t these
enzyme loci. O ther techniques, such as mitochondrial DNA restriction
site variation, may provide additional inform ation if they show high
levels of variation.

Clearly there is a need for fu rth er sam pling of

populations an d com parisons am ong biochem ical techniques to
adequately address the relationships of C . form osanus populations in
the United States. Additional information regarding this very im portant
pest species will be valuable in establishing and supporting regulations
and quarantines which seek to restrict the distribution of this insect.

Acknowledgm ent
The assistance of K.S. Delaplane, M.I. Haverty, R.H. Scheffrahn,
N.-Y. Su, and the laboratory personnel of M. Tamashiro in collecting
specimens is gratefully acknowledged. Financial support was provided
by the Louisiana Pest Control Association and Pi Chi Omega.

96
R eferences Cited
Abe, Y. 1937. On the distribution of the oriental term ite Coptotermes
fo rm o san u s Shiraki, in Jap an .

Sci. Rep. Tohoku University.

Series 4. 2:463-472.
Avise, J. C. 975. Systematic value of electrophoretic data. Syst. Zool. 23:
465-481
Beal, R. H. 1967. Formosan invader. Pest Control 35: 13-17.
B erkelh am er, R. C. 1983. In trasp ecific genetic v a ria tio n and
haplodiploidy, eusociality, and polygyny in the Hym enoptera.
Evolution 37: 540-545.
Black, W. C. & E. S Krasfur. 1985. A FORTRAN program for analysis of
genotypic frequencies and description of the breeding structure of
populations. Theor. Appl. Genet. 70: 484-490.
Chambers, D. M., P. A. Zungoli, & H. S. Hill, Jr. 1988. Distribution and
h ab its of th e F orm osan S u b te rra n e a n te rm ite (Isoptera:
Rhinotermitidae) in South Carolina. J. Econ. Entomol. 81: 16111619.
Chhotani, O. B. 1985. D istribution and zoogeography of the oriental
te rm ite s

of

fa m ilie s

T e rm o p sid a e ,

H o d o te rm itid a e ,

Stylotermitidae and Rhinotermitidae. Z. angew. Entomol. 100: 8895.
Choudhary, M. & R. S. Singh. 1987. Historical effective size and the level
of genetic diversity in Drosophila m elanogaster and D rosophila
pseudoobscura. Biochem. Genet. 25: 41-51

97
Clement, J. -L. 1981.

Enzym atic polymorphism in th e E uropean

populations of various R eticuliterm es species (Isoptera), pp. 4961. I n Biosystem atics of social insects. P. E. Howse & J. -L.
Clement [eds.l , Academic, New York.
Collins, M. S. 1988. Taxonomic problem s w ith term ites of N orth
America, Canada through Panam a. Sociobiology 14: 207-210.
Gay, F. J. 1969. Species introduces by man,pp. 459-494. In Biology of
term ites. Vol. I. K. K rishna & F.M. Weesner [eds.], Academic,
New York.
Graur, D. 1985. Gene diversity in Hymenoptera. Evolution 39: 190-199.
H a rris, H. & D. A. H opkinson.

1976. H andbook of enzym e

electrophoresis in hum an genetics. North-Holland, Amsterdam
H arrison, R. G., S. F. W intermeyer & T. M. Odell. 1983.

P atterns of

genetic variation w ithin and among gypsy m oth, L vm antria
dispa r (Lepidoptera: Lymantriidae), populations. Ann. Entomol.
Soc. Am. 76: 652-656.
Haverty, M. I., L. J. Nelson & M. Page. 1990. Cuticular hydrocarbons of
four populations of C o p to term e s fo rm o san u s Shiraki in the
United States: sim ilarities and origins of introductions. J. Chem.
Ecol. 16:1635-1647.
K istner, D. H. 1985. A new genus and species of term itophilous
A leo ch arin ae

from

m a in la n d

C h in a

a s so c ia te d

w ith

C optoterm es fo rm o sa n u s and its zoogeographic significance
(Coleoptera: Staphylinidae). Sociobiology 10: 93-104.

98
Korman, A. K , D. P. Pashley, MI. . H averty & JP. La Fage. n press.
Allozymic relationships among cuticular hydrocarbon phenotypes
of Zooterm opsis spp.

(Isoptera: Termopsidae). Ann. Entomol.

Soc.Am.
L a Fage, J . P. 1987. P ractical considerations of th e Form osan
subterranean term ite in Louisiana: a 30-year-old problem, pp. 3742. In M. Tamashiro & N.-Y. Su [eds.], Biology and control of the
i

Formosan subterranean term ite. Research Extension Series 083,
University of Hawaii, Honolulu.
Lewis, L. 1983. Formosan termites. Pest Control. 50: 36-40.
McCauley, D. E. & W. F. Eanes. 1987. Hierarchial population structure
analysis of th e milkweed beetle, T etraopes tetrao p h th alm u s
(Forster). Heredity 58:193-201.
Menken, S. B. J. 1987. Is the extrem ely low heterozygosity level in
Y ponom euta rorellus caused by bottlenecks? Evolution 41: 630637.
Myles, T. G. & W .L. N utting. 1988. Termite eusocial evolution: a re
examination of Bartz's hypothesis and assumptions. Q. Rev. Biol.
63:1-23.
Nei, M., T. M aruyama & R. Chakraborty. 1975. The bottleneck effect
and genetic variability in populations. Evolution 29: 1-10.
Nevo, E. 1978. Genetic variation in natural populations: p attterns and
theory. Theor. Popul. Biol. 13: 121-177.
N utting, W. L. 1969. Flight and colony foundation, pp. 233-282. In

99
Biology of term ites. Vol. I. K. K rishna & F.M. W eesner [eds.],
Academic, New York.
Pamilo, P., R. Rosengran, K. Vepsalainen, S. Varvio-Aho & B. Pisarski.
1978. Population genetics of Form ica ants. I. P atterns of enzyme
variation. Hereditas 89:233-248.
Pamilo, P., K. V epsalainen & R. Rosengren. 1975. Low allozymic
variability in Formica ants. Hereditas 80: 293-296.
Pashley, D. P. 1983. Biosystematic study in Tortricidae (Lepidoptera)
with a note on evolutionary rates of allozymes. Ann. Entomol.
Soc. Am. 76: 139-148.
Pashley, D. P., S. J. Johnson & A. N. Sparks. 1985. Genetic population
structure of m igratory moths: the fall armyworm (Lepidoptera:
Noctuidae). Ann. Entomol. Soc. Am. 78: 756-762.
Reilly, L. M. 1987. M easurem ents of inbreeding and average
relatedness in a term ite population. Am. Nat. 130: 339-349.
Roonwal, M. L. 1970. Termites of the oriental region, pp. 315-391, In
Biology of term ites, vol. 2. K. K rishna & F.M. W eesner [eds.],
Academic, New York.
Scheffrahn, R. H., R. -C. Hsu, N.- Y. Su, J. B. Huffman, S. L. Midland &
J. J. Sims. 1988. Allelochemical resistance of baldcypress,
Taxodium d istich u m . heartwood to the subterranean term ite,
Coptotermes formosanus. J. Chem. Ecol. 14: 765-776.
Selander, R. K., M. H. Smith, S.Y. Yang, W.. E Johnson & J.. Gentry.
1971. Biochemical polymorphism and systematics in the genus

100

P ero m v scu s. I. V ariation in the old-field mouse (Perom vscus
noliontus). Studies in Genetics VI. Univ. Texas Publ. 7103: 49-90.
S neath , P. H. A. & R. R. Sokal. 1973. N um erical taxonomy.
Freem an, San Fransisco
Sokal, R. R. & F. J. Rohlf. 1962. The comparisons of dendograms by
objective methods. Taxon 11: 33-40.
SouI6, M. 1976. Allozyme variation: its determ inants in space and time,
pp. 60-77. In Molecular evolution. F. J. Ayala [ed.], Sinauer,
Sunderland, Mass.
Spink, W. T. 1967. The Formosan subterranean term ite in Louisiana.
Louisiana Agricultural Experiment Station Circular no. 89.
Su, N.- Y. & M. Tam ashiro. 1987. An overview of the Formosan
subterranean term ites (Isoptera: Rhinotermitidae) in the world,
pp. 3-15.

In M. Tam ashiro & N.-Y. Su [eds.], Biology and

Control of the Form osan S u b terran ean Term ite. R esearch
Extension Series 083, University of Hawaii, Honolulu.
Swofford, D. L. & R. B. Selander. 1981. BIOSYS-1: a FORTRAN program
for th e com prehensive an alsis of elestrophoretic d a ta in
population genetics and systematics. J. Heredity 72: 281-283.
Tam ashiro, M., J. R. Yates & R. H. Ebesu. 1987. The Form osan
subterranean termite in Hawaii: problems and control, pp. 37-42.
In M. Tamashiro and N.-Y. Su [eds.], Biology and Control of the
Formosan Subterranean Termite. Research Extension Series 083,
University of Hawaii, Honolulu.

Waller, D. A. & J. P. La Fage. 1987. Food quality and foraging response
by the subterranean term ite Cop to term es form osanus Shiraki
(Isoptera: Rhinotermitidae). Bull. ent. Res. 77: 417-424.
W aller, D. A. & J . P. La Fage 1988. Size variation in Coptotermes
form osanus Shiraki (Rhinotermitidae): consequences of host use.
Am. Midland. Nat. 119: 436-440.
Watson, J. A. L., D. Zi-Rong, & R. A. B arrett. 1984. Comparative studies
on the resistence of m aterials to species of Coptotermes (Isoptera:
Rhinotermitidae). I. The susceptibilities of various plastics to C.
acinaciform is (Froggatt) from A ustrailia and C_. fo rm o s a n u s
Shiraki from China. Bull. Ent. Res. 74: 495-503.
Weesner, F. M. 1970. Termites of the nearctic region, pp. 477-525. In
Biology of term ites. Vol. II. K. K rishna & F.M. Weesner [eds.],
Academic, New York.
W eesner, F. M. 1965: Term ites of th e U nited S tates a handbook.
National Pest Control Association, Elizabeth, N.J.
Weir, B. S. & C. C. Cockerham. 1984 Estim ating F-statistics for the
analysis of population structure. Evolution. 38: 1358-1370.
Wight, S. 1978. Evolution and genetics of populations. Vol 4. Variability
w ithin and among n atu ra l populations. U niversity of Chicago
Press, Chicago.

102

Table 1. Allele frequencies for four U.S. populations of £1. formosanus.

Population

Locus

N ew O rleans, La.

No. colonies

9

Lake C harles, La.

23

O ahu, Hi. H a llen d a le, Fla.

7

6

EST3 A

0.24

0.57

0.24

0.07

B

0.59

0.35

0.31

0.27

C

0.17

0.08

0.04

0.0

D

0.00

0.00

0.40

0.67

EST5 A

0.66

0.78

0.94

0.90

B

0.34

0.22

0.06

0.10

GPIS A

0.09

0.0

0.14

0.30

B

0.91

1.0

0.86

0.70

Table 2. Genetic variability measures among four populations of the Formosan subterranean
termite.
Mean Heterozygosity
Mean #
Population

alleles/locus

Percent

Direct Count

Expected

polymorphic loci*

New Orleans, La.

1.2 ±0.1

16.7

0.031±0.019

0.066±0.040

Lake Charles, La.

1.2 ±0.1

11.1

0.025±0.024

0.050±0.035

Hallendale, Fla.

1.2 ±0.1

16.7

0.033±0.027

0.061±0.036

Hawaii (Oahu)

1.3 ±0.2

16.7

0.040±0.025

0.058±0.040

1.2 ±0.1

13.6

0.030 ±0.021

0.064 ±0.041

All Populations (pooled)

* A locus was considered polymorphic if the frequency of the most common allele was < 0.99.

Table 3. M atrix of Rogers' modified distance
coefficients for four populations of

Population

1

1 New Orleans, La.

***

2 Lake Charles, La.
3 Hallendale, Fla.
4 Hawaii (Oahu)

2

form osanus.

3

4

0.078

0.151

0.108

***

0.160

0.101

***

0.067
***

Table 4. Contingency %2 analysis of polymorphic
loci for Q. . formosanus.

Locus

# of alleles

Chi-square

EST3

4

254.671

9

0.00000

EST5

2

24.631

3

0.00002

GPIS

2

63.311

3

0.00000

342.613

15

0.00000

Total

df

P

Table 5. Summary of F-statistics over all loci
for jQ. formosanus populations in the United States.

Locus

Fis

F it

F st

EST3

0.376

0.516

0.224

EST5

0.886

0.893

0.063

GPIS

- 0.116

0.099

0.192

0.472

0.176

0.565

Mean

New Orleans, LA
Lake Charles, LA
Hallendale, FL
Hawaii (Oahu)

----------- 1------- —------1--------------- ^ ------------ — I

I
0.13

0.10

0.07

0.03

0.0

Modified R ogers' D istance

F ig u re 1. UPGMA phenogram showing genetic relationships among four £!. formosanus populations
(cophenetic correlation coefficients.79)

A p p en d ix A

Collection information for termite colonies used in electrophoretic studies
of Isoptera.
Isoptera: R hinoterm itidae: Coptotermes formosanus Shiraki:
£)a,,. Browar d .Co,
Hallendale, Fla. population
collected by A.K. Korman, J.P. La Fage & N.-Y. Su
121 Golden Isle Dr., Hallendale; 15-IV-1987
Ambassador North, Hallendale; 15-1V-1987
410 Golden Isle Dr., Halendale; 15-1V-1987
2600 Diane, Hallendale; 15-IV-1987
437 Golden Isle Dr., Hallendale; 15-IV-1987
The Prince George, Rt. A1A, Hallendale; 15-IV-1987
La.. Calcasieu Parish
Lake Charles, La. population
collected by K.S. Delaplane, A.K. Korman & J.P. La Fage,
Houston River
Tree #
Date
3
15-X-1986
4
12-XI-1986
10
12-XI-1986
14
12-XI-1986
22
12-XI-1986
2:3
15-X-1986

Calcasieu River
Tree #
Date
55
5-VIII-1986
71
5-VIII-1986
72
15-X-1986
88
5-VIII-1986
89
12-XI-1986
90
12-XI-1986
92
12-XI-1986
water tupelo 12-XI-1986

English Bayou
Tree #
Date
101
15-X-1986
102
12-XI-1986
103
12-XI-1986
104
12-XI-1986
105
12-XI-1986
106
12-XI-1986

Calcasieu/English Bayou Branch
Tree #
Date
26
5-VIII-1986
27
12-XI-1986
36
16-X-1985

Approximate locations of trees shown in Fig.l.
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10 9
£L. formosanus colony locations cont.

La^v-Qxlgans Parish
New Orleans, La. population:
Jackson 6ax*x*acks
collected by K.S. Delaplane, E.E. E m y & A.K Korman; 9-XI-1989
Naval Support Activity
collected by K S . Delaplane, E.E. E m y & A.K. Korman; 9-XI-1989
6441 Frankfort
collected by K S. Delaplane, A.KKorman & J.P. La Fage; 13-11-1987
1660 Shirley
collected by K S . Delaplane, A.K. Korman & J.P. La Fage
13-VIII-1987
5001 Deborer & Pauline
collected by K.S. Delaplane, A.K. Korman & J.P. La Fage
13-VIII-1986
1315 Behman
collected by K S. Delaplane, A.K. Korman & J.P. La Fage
29-VIII-1986
5001 Franklin
collected by K S. Delaplane, A.K. Korman & J.P. La Fage
13-VIII-1986
6457 De Bore
collected by K S. Delaplane, A.K. Korman & J.P. La Fage
13-VIII-1986
1751 Shirley
collected by K S. Delaplane, A.K. Korman & J.P. La Fage
29-VIII-1986
Hi.. Island of Oahu
Hi., Kaneohe, 27-X-1987, coll: R. Yamamoto
Hi., University of Hawaii campus:
coll: M.I. Haverty, A .K Korman, J.P. La Fage, N.-Y. Su
Pope Hall, 27-X-1987
Hale Halava, 30-X-1987
Miller Hall, 27-X-1987
Upper Gilmore, 26-X-1987
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C .formosanus collection locations cont.
Lower Gilmore, 27-X-1987
Publication, 30-X-1987
Isoptera: R hinoterm itidae: R eticiiliterm es (Holmgren) spp.
California
collected by M. I. Haverty, A .K Korman & L.J. Nelson
Calif., San Bernardino Co.
Onyx Pt., San Bernardino National Forest; 25-VIII-1987
Calif., San Bernardino Co.
Jenks Lake Road offHwy 38; 25-VIII-1987
Calif., Los Angeles Co.
Eagles Roost Picnic ground, Angeles National Forest; 26-VIII-1987
Calif., Riverside Co.
5S11, Saunders Meadow
San Jacinto Mtns., San Bernardino National Forest; 27-VIII-1987
Calif., Riverside Co.
Albin Meadow, San Bernardino National Forest; 27-VTII-1987
Calif., Riverside Co.
Black Mtn. Road; 27-VIII-1987
Louisiana
La., E ast Baton Rouge Parish
stump at comer of Jim Taylor Drive and Alvin Dark
collected by A.K. Korman; 2-X-1988
La., E ast Baton Rouge Parish, LA
4663 Arrowhead
collected by D.P. Pashley; 20-X-1986
La., Orleans Parish
LA3 13-11-1987
6443 Frankfort, New Orleans,rotted stump
collected by A.K.Korman
Pennsylvania
Pa., Lancaster Co.
wooded area along Hershey Mill Road off of rt. 462 in Mountville
3 colonies collected by A.K. Korman; 19-1X-1988
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Reticulitermes spp. collection locations cont.
V irginia
Va., Vienna Co.; collected by A .K Korman & D.A. Waller (5 colonies)
G reat Falls, Dranesville District Park; 23-VI-1987
Va., Vienna Co. (1 colony)
roadside along Georgetown Pike; 23-VI-1987
Va., Vienna Co. (4 colonies)
Springfield, Lake Accotink Park; 23-VI-1987
Isoptera: R hinoterm itidae: Prortunoterm es sim plex (Hagen)
FL, Broward Co.
lab colony
collected by N.-Y. Su; 28-IIL1986
Isoptera: Kalotermitidae: Neotermes iouteli (Banks)
Fla., Broward Co.
collected by N.-Y. Su
28-111-86
Isoptera: K aloterm itidae: Ineisiterm es m inor (Banks)
colony collected by J.P . La Fage- Arizona
wooden table top stored in Dept, of Entomology, Parker Coliseum
alates collected by J. Carroll; 17-VIII-1989
Isoptera: Term itidae: A miterm es w heeleri (Desneux)
CA, Riverside Co.
13-111-1987
collected by R.H. Scheffrahn
Isoptera: Termopsidae: Zootermonsis nevadensis nevadensis(Hagen)
San Bernardino
collected by M.I. Haverty, A .K Korman & L.J. Nelson
25-VIII-1987
Calif., San Bernardino Co.
highway 18, Bayliss Park, San Bernardino National Forest
Calif., San Bernardino Co.
Deerlick Ranger Station, = 6000 ft., San Bernardino National Forest
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Z. n. nevadensis collection locations cont.
Calif., San Bernardino Co.
2N14, opposite Butler Peak Lookout, » 8500 ft, San Bernardino
National Forest
Calif., San Bernardino Co.
Onyx Point, = 8200 ft, San Bernardino National Forest,
Pinus sn.
Calif., San Bernardino Co.
H eart Bar, San Bernardino National Forest
Calif., San Bernardino Co.
Jenk's Lake Road off highway 38, San Bernardino National Forest
Calif., San Bernardino Co.
Jenk’s Lake Road off highway 38, San Bernardino National Forest
San Gabriel
collected by M.I. Haverty, A.K. Korman & L.J. Nelson
26-VTII-1987
Calif., Los Angeles Co.
Big Pines Ranger Station, = 7000 ft, Angeles National Forest
Pinus sp.
Calif., Los Angeles Co.
Big Pines Ranger Station, = 7000 ft, Angeles National Forest
Calif., Los Angeles Co.
1 mi. from Vincent Gap, > 7000 ft, Angeles National Forest
Calif., Los Angeles Co.
= 5 mi from Vincent Gap, Angeles National Forest, Pinus sp.
Calif., Los Angeles Co.
Eagles Roost Picnic Ground, Angeles National Forest
Calif., Los Angeles Co.
Eagles Roost Picnic Ground, Angeles National Forest
Calif., Los Angeles Co.
west of W aterman Ski area, Angeles National Forest
Pinus sp.
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Z. n. nevadensis collection locations cont.
Calif., Los Angeles Co.
Charlton Flats Picnic Ground, Angeles National Forest
San Jacinto
collected by M.I. Haverty, A .K Korman & L.J. Nelson
27-VIII-1987
Calif., Riverside Co.
5S11, Saunder's Meadow, San Jacinto Mtns., San Bernardino
National Forest
Calif., Riverside Co.
5S11, San Jacinto Mtns., San Bernardino National Forest
Calif., Riverside Co.
Albin Meadows, San Jacinto Mtns., San Bernardino National
Forest, Pinus sp.
Calif., Riverside Co.
Albin Meadows, San Jacinto Mtns., San Bernardino National Forest
Calif., Riverside Co.
San Jacinto Mountains, San Bernardino National Forest
Pinus sp.
Calif., Riverside Co.
San Jacinto Mountains, San Bernardino National Forest
Pinus sp.
Calif., Riverside Co.
Black M ountain Road, San Jacinto Mtns., San Bernardino
National Forest
Calif., Riverside Co.
Black Mountain Road, San Jacinto Mtns., San Bernardino
National Forest
Mendocino - I
Calif., Glenn Co.
Mendocino National Forest, Black Butte Road
28-X-1986
collected by M.I. Haverty & L.J. Nelson

2l - a- nevadensis collection locations cont.
Sierra Nevada - north
collected by M.I. Haverty & L.J. Nelson
Calif., Sierra Co.
highway 89 a t Calpine, Pinus sp., 22-IX-1986
Calif., Plum as Co.
2 mi west of Chester on highway 89/36, 22-IX-1986, Pinus sp.
Calif., S hasta Co.
0.5 mi east of highway 89, 5.6 mi east of Burney, 22-IX-1986
Calif., Tehama Co.
Lassen National Forest, 23-IX-1986
Calif., Butte Co.
vicinity of Forbestown near Lake Oroville, 26-IX-1986
Sierra Nevada - south
Calif., El Dorado Co.
Placerville
collected by P. Hahn; no date
received a t LSU 11-11-1987
Calif., El Dorado Co.
Grizzly Flats
collected by M.I. H averty & B.L. Thome; 17-111-1986
Calif., El Dorado Co.
Omo Ranch
collected by M.I. Haverty & B.L. Thorne; 17-111-1986
Calif., El Dorado Co.
tennis courts in Placerville
collected by M.I. Haverty, B.L. Thorne; 17-111-1986
Calif., El Dorado Co.
Barney Creek
collected by M.I. Haverty, B.L. Thorne; 18-111-1986

Isoptera: Term opsidae: Z- nevadensis nuttingi Haverty & Thorne
Monterev (2 collections, same site)
Calif., Monterey Co.
collected by M.I. Haverty & P.M. Haverty; 22-VTII-1985
Calif., Monterey Co.
collected by M.I. Haverty & P.M. Haverty; 22-VHI-1985
Mendocino - III
Calif., Sonoma Co.
Sonoma county line north of Calistoga
collected by M.I. Haverty & L.J. Nelson; 28-X-1986
Calif., Mendocino Co.
County road 240, 9 mi. from Potter Valley
collected by M.I. Haverty & L.J. Nelson; 28-X-1986
K lam ath
Calif., Siskyou Co.
section 27, northeast of McCloud
collected by M.I.Haverty & L.J.Nelson; 22-IX-1986
Calif., Siskyou Co.
section 27, northeast of McCloud
collected by M.I. Haverty & L.J. Nelson; 22-IX-1986
Calif., Siskyou Co.
28.6 mi northeast of Weed, Pinus sp. stump
collected by M.I. Haverty & M. Page; 7-X-1986
Calif., Siskyou Co.
34.2 mi west pf 15 on highway 96, Pinus sp. log
collected by M.I. Haverty & M. Page; 19-XI-1986
Calif., Siskyou Co.
19.5 mi west of Happy Camp on highway 96, Pinus sp.
collected by M.I. Haverty & M. Page; 19-XI-1986
Trinity
Calif., Trinity Co.
highway 299, 1.9 mi west of Weaverville, Pinus sp.
collected by M.I. Haverty & M. Page; 7-X-1986

Z. a. nuttingi collection locations cont.
Calif., Humboldt Co.
Tish Tang Campground, ~ 8.7 mi north of Willow Creek
Quercus sp.
collected by M.I. Haverty & M. Page; 9-X-1986
Calif., Trinity Co.
50.3 mi west of Red Bluff on highway 36 near Stuart's Cap
Road, P inus sp.
collected by M.I. Haverty & M. Page; 17-XI-1986
Calif., Trinity Co.
highway 299
collected by M.I. Haverty & M. Page; 18-XI-1986
Calif., Humboldt Co.
douglas fir
collected by M.I. Haverty & M. Page; 20-XI-1986
Calif., Trinity Co.
6 mi. east of Dinsmore
collected by M.I. Haverty & M. Page; 20-XI-1986
Calif., Trinity Co.
18 mi. east of Dinsmore, Pseudotsuga taxifolia stump
collected by M.I. Haverty & M. Page; 21-XI-1986
Trinity Co.
= 28.1 mi east of Dinsmore on highway 36, Pinus sp. stump
collected by M.I. Haverty & M. Page; 21-XI-1986
Oregon
collected by M.I. Haverty, M. Page, & L.J. Nelson
Oreg., Lincoln Co.
14-V-1987
Oreg., Douglas Co.
Camas Valley, Pseudotsuga taxifolia stump: 15-V-1987
Isoptera: Termopsidae: Zootermopsis laticens (Banks)
collected by M.I. Haverty & W.L. Nutting
Az., Santa Cruz Co.
highway 19 ~ 1 mi north of Nogales, Salix goodalingii
20-IV-1987
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Z. laticeps collection locations cont.
Az., Cochise Co.
on Rio San Pedro a t Fairbank, Salix goodalingii- live stump
20-IX-1987
Az., Cochise Co.
Rio San Pedro a t Hereford, Salix goodalingii- live stump
20-IV-1987
Az., G raham Co.
Pima, Salix goodalingii- tru n k
22-IV-1987
Az., Cochise Co.
junction of 110 and highway 80 a t Benson, Populus sp. stump
23-IV-1987
Az., Cochise Co.
along Rio San Pedro a t St. David; 23-IV-1987
Az., Cochise Co.
Rio San Pedro a t Charleston Crossing, Populus
23-IV-1987
Cochise Co.
3.3 mi south of Patagonia on Harshaw Road, north of Rocking Horse
Ranch, Populus: 23-IV-1987
Cochise Co.
highway 19 a t north city limits of Nogales; 23-IV-1987
Isoptera: Term opsidae: Zootermopsis angusticollis (Hagen)
San Bernardino
Calif., San Bernardino Co.
W aterman Canyon Road, 0.25 mi s. of junction highway 18
Quercus sp. stump
collected by M.I. Haverty, A.K. Korman & L.J. Nelson
25-VIII-1987
Calif., Riverside Co.
Forest Falls, San Bernardino National Forest
R. Scheflfrahn, coll.; received a t LSU 11-11-1987
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Z. angusticollis collection locations cont.
Calif., San Bernardino Co.
NW Yucaipa
29-VI-1986
R.H. Scheffrahn, coll.
Monterev
Calif., Monterey Co.
collected by M.I. Haverty & P.M. Haverty; 22-VIH-1985
Trinity
Calif., Trinity Co.
6.7 mi west of Big Bar on Big French Creek Road
collected by M.I. Haverty & M. Page; 7-X-1986
Calif., Humboldt Co.
8.2 mi north of Hoopa on highway 96
collected by M.I. Haverty & M. Page; 9-X-1986
Calif., Humboldt Co.
Van Dusen Park, Swimmer's Delight, Pseudotsuga taxifolia
collected by M.I. Haverty & M. Page; 19-XI-1987
Calif., Trinity Co.
collected by M.I. Haverty & M. Page; 21-XI-1986
Calif., Mendocino Co.
collected by M.I. Haverty & L.J. Nelson; 30-X-1986
.Q regp.n
collected by M.I. Haverty & M. Page
Oreg., Benton Co.
Trenholm Road, north of highway 34, Pseudotsuga taxifolia log
14-V-1987
Oreg., Douglas Co.
24.8 mi east of Roseburg on highway 138, Pseudotsuga taxifolia log
15-V-1987
Oreg., Douglas Co.
30 mi east of Roseburg on highway 138, Pseudotsuga taxifolia
15-V-1987

11*9

Z. ansrusticollis collection locations cont.
Oreg., Linn Co.
49.1 mi west of Sisters in highway 2 0 ,15-V-1987

120
104

,103,
B9

102
72

Calcasieu River
(Second B ranch^

101

water
tupelo

/2 6
I

English Bayou
(Third Branch)

36
27

22

10

Houston River
(First Branch)

Mlm's Road;

Figure 1. Map (not drawn to scale) of remaining £.. formosanus tree trap
locations on the English Bayou, Calcasieu and Houston Rivers north of
Lake Charles, La. Trees 14 and 23 were located in the Houston River; 55,
71, and 88 were in the Calcasieu River; and 105 and 106 were in the English
Bayou. These trees were destroyed before the map was drawn.
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